









Hox, microRNAs and evolution 
 
 new insights into  
the patterning of the body axis 
 
 





































































Hox, microRNAs and evolution 
 
 new insights into  






ter verkrijging van 
de graad van Doctor aan de Universiteit Leiden, 
op gezag van Rector Magnificus prof. mr. P.F. van der Heijden, 
volgens besluit van het College voor Promoties 
te verdedigen op donderdag 29 november 2007  




Joost Maarten Woltering 
 
















Prof. dr. Antony J. Durston - promotor 
 
Prof. dr. Edoardo Boncinelli - referent 
  
Prof. dr. Paul J.J. Hooykaas 
 
Prof. dr. Michael K. Richardson 
 
Prof. dr. Herman P. Spaink 
 
Prof. dr. Wiebe Kruijer 
 
dr. Jacqueline Deschamps 
 














Chapter 1 - The Hox-microRNA connection                    7 
 
Chapter 2 - The Zebrafish HoxDb cluster has been reduced to a             31                    
                        single microRNA                                           
 
Chapter 3 - MiR-10 targets HoxB1a and HoxB3a and is required for      41 
                       the correct migration of the Xth nerve and trunk motor- 
                       neurons 
 
Chapter 4 - MiR-10c acts as an autoregulatory microRNA on HoxB3a   73 
 
Chapter 5 - Shifts in axial patterning in snake and caecilian embryos      83                 
         
 
Summary and general discussion                                              101 
 
Nederlandse samenvatting                                                        111 
 
Curriculum Vitae                                                                       119   
 




The microRNA-Hox connection 
 




The Hox genes play a key role in the determination of the anterior-posterior pattern of the 
metazoan body axes and belong with their clustered organization to the most intriguing loci 
in the genome. In the last 4 years advances in the non coding RNA field have resulted in 
the discovery of several microRNA genes within the Hox clusters and the Hox genes 
themselves have been shown to be subject to microRNA regulation. In this review I cover 
the literature with respect to the Hox - microRNA relations and present the current 
understandings of how this second layer of posttranscriptional control exerted by and on the 
Hox clusters fits within the already much described network of Hox gene regulation. In 
addition, I summarize the Hox related microRNAs present in the model vertebrates human, 
mouse, Xenopus and Zebrafish and correct some anomalies in the published annotations. I 
also describe a new divergent miR-196 member from Xenopus tropicalis and present 
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Hox genes and regionalization of the body 
The vertebrate trunk is highly regionalized along its anterior to posterior axis, with related 
structures having a different appearance at different positions in the body (1). This division 
of the trunk is part of the complex adaptations characterizing all higher metazoans where 
different parts of the body are dedicated to specialized functions.  
During embryonic stages the basis for such regionalization is realized through the 
differential development of homologous elements, depending on where along the axis they 
form. Especially obvious is this regionalization in the axial skeleton and the central nervous 
system. In the paraxial mesoderm seemingly equal somites give rise to several different 
types of vertebrae. These are for instance rib carrying in the thoracic region, in the lumbar 
region they lack ribs and in the sacral region they contribute to the formation of the sacrum. 
The same concept of regionalization applies to the central nervous system where, as an 
example, motorneurons develop different characteristics and functions depending on their 
position along the anterior-posterior (AP) axis of the spinal cord and hindbrain (2). In this 
process of regionalization the Hox genes have been identified as the genetic key 
components (reviewed 3, 4). The Hox genes have differential expression along the trunk 
AP axis and are responsible for many of the choices between alternative pathways of 
development.  
Hox genes have selector function within their expression domain and determine the anterior 
to posterior positional characteristics that a tissue will develop.  
In both vertebrates and invertebrates there is much experimental evidence linking Hox 
genes to regional identity along the trunk axis. In the nervous system and the axial skeleton 
experimental interference with proper Hox functioning during embryonic stages, can induce 
cells to adopt a fate corresponding to an axial position different from the one that they 
would have acquired normally. Hereby it is for example possible to transform lumbar- 
(posterior) into thoracic (more anterior) vertebrae (5) or to change hindbrain rhombomere 
fate into either more posterior (6, 7) or more anterior (8). In Drosophila, the spectacular 
Ultrabithorax (Ubx) mutants develop four instead of two wings.  
By now most Hox genes have been linked to the induction of a specific body segment and 
in this way a ‘Hox code’ for the patterning of the primary body axis has been unraveled 
(9,10).                                                                              
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Comparison across a wide range of different taxa has shown that this code is generally 
conserved. Besides the patterning of the primary body axis, Hox genes are also expressed in          
and have a similar function in the patterning of the ‘derived’ body axes of the limbs and 
digestive system. 
 
Hox genes genomics  
The Hox genes encode a family of closely related homeodomain transcription factors and 
presumably find their evolutionary origin in cis-duplications of a single ancestral gene (11). 
This way of creation has resulted in a clustered configuration of the Hox genes. In all 
vertebrates this clustering has been preserved till contemporary organisms and it is one of 
the most characteristic aspects of the Hox family. In non vertebrates, however, there are big 
deviations from the ancestral organization. In insects such as Anopheles, Schistocera and 
Tribolium the clustered organization is still intact but in other taxa the Hox clusters have 
undergone extensive rearrangements, contain additional gene duplications and are 
sometimes (partially) fragmented (e.g. Drosophila spec., Strongylocentrotus purpureus, 
Caenorhabditis elegans, Ciona spec., Oikopleura dioica) (12).   
The two genome duplications in the vertebrate lineage have resulted in 4 Hox clusters in 
Latimeria menadoniensis, Tetrapods and Sharks (named A, B, C and D) (13). Afterwards 
redundancy among the duplicated gene groups has resulted in some degree of gene loss but 
overall the clusters have stayed relatively intact; each cluster still contains the majority of 
Hox genes and all genes are present in multiple paralogues in the genome. Members from 
one paralogous group have in general similar expression patterns and partially redundant 
functions. In the Teleost lineages an additional whole genome duplication occurred and 
these fish therefore originally possessed eight Hox clusters (named Aa, Ab, Ba, Bb, etc.) 
(13, 14). In today’s species, usually one of each of two duplicated Hox clusters has partially 
degenerated and contains fewer genes. In all well characterized fish species this process has 
lead to the (virtual) disappearance of one Hox cluster; Fugu (Tetraodon nigroviridis and 
Takifugu rupriceps) and Medaka (Oryza latipes) both miss one HoxC cluster and in 
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Colinearity 
Hox genes are expressed in a highly structured sequential order along the primary body axis 
and in the limbs which is essential for the correct execution of their patterning functions. 
There is a remarkable relationship between the sequence of expression of the Hox genes 
and the sequence in which they are located in the clusters. The more 3’ in the cluster a gene 
is located the more anterior its expression domain and the earlier its onset of expression 
during development. This transcriptional behavior is referred to as colinearity which can be 
both spatial (anterior-posterior) and temporal (timing). 
  
MicroRNAs 
With the discovery of the lin-14 founding member (15) of the microRNAs, a new paradigm 
in gene regulation was established and large scale microRNA cloning and sequencing 
efforts started to identify more microRNAs. Among the microRNAs cloned there were 
several located at conserved genomic positions inside the Hox clusters. In vertebrates the 
miR-10, miR-196 (16, 17) and later the miR-615 (18, 19)  families have been identified and 
in Drosophila the miR-10 and IAB-4 microRNAs (20) are present. 
MicroRNAs are ~22nt RNAs that function in posttranscriptional gene silencing and 
participate in a secondary layer of genetic control over the primary transcriptional 
regulation (reviewed 21, 22, 23). MicroRNAs are processed from hairpin structures in 
longer precursor transcripts by the RNAse III enzymes Drosha and Dicer. Drosha frees the 
~ 100nt stemloop from a longer pri-miRNA in the nucleus (fig.1). This pre-miRNA is 
exported to the cytoplasm where it is processed by Dicer into the mature ~22nt single 
stranded miRNA and incorporated in a gene silencing complex. In general only one of the 
two strands of the pre-miRNAs is incorporated into the silencing complex and acts as 
mature microRNA. MicroRNAs function by inhibiting translation and promoting 
messengerRNA decay and thereby prevent the production and accumulation of protein. 
Most vertebrate microRNA targets are targeted through imperfect matching target sites in 
their UTRs. Target sites usually have only partial complementarity and the specificity of 
the interaction is determined by nucleotide 2-7 of the microRNA which needs a perfect 
match with the target site for recognition and silencing. Many microRNA families are 
present in multiple copies and isoforms in vertebrate genomes. 
 10 







Figure 1) Schematic representation of the microRNA metabolism and action within a cell. The microRNA is 
produced in the nucleus (A), where it is further processed to the pre-miRNA by Drosha (green) (B), subsequently 
exported to the cytoplasm (C) where it is processed by Dicer (blue) to the final ~22nt mature single stranded 
miRNA that is incorporated in the RISC silencing complex (orange) (D). This complex can now recognize and 













Box: microRNA nomenclature 
MicroRNA names are registered and assigned by miRBase (24) at the Sanger Centre 
(http://microrna.sanger.ac.uk/). The microRNA nomenclature for different isoforms and genomic paralogous 
copies in different species can be somewhat confusing. Due to the vertebrate genome duplications multiple 
copies and isoforms of a microRNA often exist within a single species. Isoforms are assigned different letters 
(eg miR-10a), if an additional isoform is discovered it will simply receive the next letter in the alphabet. 
Multiple genomic copies of one isoform within a species are distinguished by assigning a number suffix (eg 
miR-10b-2). The naming of the different microRNA isoforms and genomic copies is thus based on intra 
species sequence comparison and order of discovery but not on comparison of interspecies sequences or 
genomic homology. This means that when comparing different species, microRNAs carrying the same 
number suffix do not necessarily correspond to orthologous genes. In the same way, isoforms denoted by the 
same letter may also not correspond to identical sequences and/ or closest orthologues. Xenopus tropicalis xtr-
miR-10c for instance differs in sequence from Zebrafish dre-miR-10c (Table 1). These two genes also do not 
represent closest orthologues since xtr-miR-10c is located in the HoxC cluster and is thus closest related to 
dre-miR-10b-1 in the Zebrafish HoxCa cluster and dre-miR-10c is located in the HoxBa cluster and would 
thus correspond to xtr-mir-10a in the HoxB cluster. NB in this case the isoforms contain relatively recent 
lineage specific mutations and thus also differ in sequence from their true orthologues!! As a result miRNA 
names alone cannot be relied upon to convey complex inter-species relationships. When working with 
multiple isoforms and species this makes it necessary to carefully check miRbase sequences and locations 
within genomes to identify true othologues genes.  11 
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Isoforms usually differ in a few nucleotides outside the seed sequence and these mutations 
are not believed to result in any relevant change in target gene recognition. The homology 
between the microRNA and target sites makes it possible to predict putative target genes on 
basis of the seed sequence. Usually target RNAs are found to contain multiple target sites 
in close proximity of each other.  
 
Since the discovery of microRNAs within the Hox clusters introduces new players into one 
of the best studied and most fascinating developmental systems, it has already excited 
many researchers. In this review, I discuss the current status of knowledge with respect to 
the connection between Hox genes and microRNAs. I give a detailed overview and 
annotation of the microRNAs present in the Hox clusters of the most important 
experimental model systems and correct some of the previously reported annotations. I 
discuss the literature with respect to the expression and developmental roles of these 
microRNAs. 
 
The microRNAs in the Hox clusters 
Here I present an overview of the presence of microRNAs in the metazoan Hox clusters. In 
figure 2 a cladogram depicts the genomic configuration of the Hox cluster and shows the 
presence of the Hox microRNAs in several evolutionary or experimentally relevant taxa.  In 
Table 1 the sequences of the miR-10 and miR-196 microRNAs in the most important 
vertebrate experimental model systems are listed per Hox cluster. 
 
miR-10 
MiR-10 is one of the most conserved and ancient metazoan microRNAs. It is one of the 3 
microRNAs identified in the cnidarian Sea Anemone (Nematostella vectensis) and 
therefore predates the microRNA radiation associated with the rise of the bilateralia (25). 
MiR-10 has a significant homology with miR-100/miR-99, one of the other ancient 
microRNAs, and is thought to have evolved from it by a nucleotide insertion into the seed 
(fig2A). Since miR-10 and miR-100//miR-99 differ in their seed sequence they are predicted 
to have affinity for different target sites and most likely they will have different biological 
functions. 
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In vertebrates, amphioxus and arthropods the miR-10 family is associated with the Hox-4 
paralogue Hox genes (26). In amniotes (mammals, birds) miR-10 is present in two 
isoforms: miR-10a and miR-10b which are associated with the 5’ HoxB4 and HoxD4 
genomic region. In the anamniote Southern clawed frog (Xenopus tropicalis) an additional 
divergent miR-10c copy is present 5’ of HoxC4 (26). In the Teleost Zebrafish (Danio rerio) 
miR-10 is present in 4 isoforms and 5 copies; miR-10a is located in the HoxBb cluster at a 4 
paralogue position, miR-10b-2 5’ of HoxC4a, miR-10b-1 5’ of HoxD4a, miR-10c 5’ of 
HoxB4a and miR-10d is located in the 8.1kb intergenic region between lunapark and MTX2 
which represents the remainders of the degenerated HoxDb cluster (27). 
MiR-10 has not been identified in the primitive proto-vertebrate Ascidians Ciona savignii, 
Ciona intestinalis and Oikopleura dioica by either bioinformatics means or wet lab 
experiments (25, 26) and can be assumed to have been lost. The Ascidian lineages also 
show severe Hox cluster fragmentation and the Hox genes have partially been lost and are 
present at dispersed locations in the genome (28, 29). In arthropods (Drosophila sp., Aedes 
Aegyptii ) miR-10 is located in the homologous region between the Hox-4 homologue 
deformed (dfd) and the Hox-5 sex combs reduced (scd). MiR-10 was originally not 
identified in Caenorhabditis elegans and Caenorhabditis brigsae (25) but miR-57 in these 
species has high sequence homology (fig.2B) and an identical seed sequence and thus 
likely represents its ortholog (4).This is also supported by the absence of a ‘true’ miR-57 
microRNA gene outside the Caenorhabditis lineages. In C. elegans the organization of the 
Hox clusters is highly derived (30) and they lack the 2-4 paralogue group genes and miR-57 
is located on a different chromosome (4). 
In the unusual sea urchin (Strongylocentrotus purpureus) Hox cluster miR-10 is present 5’ 
of the Hox-3 paralogue (25, 31). MiR-10 has recently also been cloned in the planarian 
(Schmidtea mediterranen) (32). No public genome assembly is available for this species so 
it was not possible to determine the genomic location of miR-10.  
BLAST of the sea anemone miR-10 precursor sequence locates it on a genomic contig also 
containing a pax homeodomain gene (NVHD074-paired class homeobox protein) but no 
true Hox gene. Although Nemostella is the most primitive species in which Hox genes have 
been identified the partially clustered state of the Hox genes is derived (33, 34) and it is not 
possible to tell whether the absence of linkage with miR-10 represents an ancestral state in 
this species.  
 13 
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miR-196 
miR-196 is located between Hox-9 and Hox-10 genes or upstream of Hox-9 in the HoxA, 
HoxB and HoxC cluster and no homolog has been detected in the HoxD cluster (25, 35). 
MiR-196 is absent from ascidians, amphioxus and more distantly related organisms (4, 25) 
and appears to be a vertebrate specific microRNA. The most primitive species in which 
miR-196 has been identified is the agnathan lamprey (Petromyzon marinus) (25).  Its 
relationship to other microRNAs is unclear but it has been suggested to be distantly related 
to let-7 (16). In human and mouse miR-196 is present in 2 isoforms and 3 genomic copies; 
miR-196a-1 is located in the HoxB, miR-196a-2 in the HoxC and miR-196b in the HoxA 
cluster. In Xenopus tropicalis miR-196 is present in the same Hox clusters but in this 
species there are 3 isoforms, with a previously undescribed miR-196c isoforms present in 
the HoxC cluster. This isoform is interesting since it carries a mutation in the seed 
compared to all other known miR-196 sequences (fig. 2A, D and Table 1). As this mutation 
is located in the seed it is expected to alter target gene specificity. It is thus possible that 
this microRNA represents a functional evolutionary acquisition that contributed to the 
specification of the anuran lineages.  In Zebrafish miR-196 has been reported in two 
isoforms from the HoxAa, HoxCa and HoxCb clusters and was presumed to be absent from 
the HoxB clusters (25). I however locate the Zebrafish miRBase miR-196b sequence in the 
HoxBa cluster and cannot find a copy in the HoxCb cluster. 
 
miR-615 
MiR-615 has sofar only been cloned in mouse and human (18, 19) and is located in the 
intron of HoxC5. I was not able to identify this microRNA in any species outside of the 
eutherian (placental) mammals. In Xenopus tropicalis where the HoxC5 genomic sequence 
is well assembled its presence can be excluded. Although the genomic coverage from 
chicken, platypus (Ornithorhynchus anatinus) and opossum (Monodelphis domestica) is 
not complete its absence in all three species suggests that this microRNA is a very recent 
addition to the repertoire of regulatory sequences in the Hox clusters. It is noteworthy that 
the 5’and 3’ ends of the miR-615 precursor contain complementary low complexity repeat 
sequences and that the microRNA gene may have formed by an accidental localization of 
the two sequences in each others close vicinity (fig.2C). 
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D 
Figure 2) Representation of the Hox related microRNAs throughout the metazoan kingdom.  
(A) Cladogram showing the presence of miR-10, miR-196, miR-615, IAB-4 and miR-57 in relation to the Hox 
clusters in Zebrafish (Danio rerio), Xenopus tropicalis, mouse (Mus musculus), fruit fly (Drosophila 
melanogaster), Caenorhabditis elegans, Sea urchin (Strongylocentrotus purpureus) and Sea anemone 
(Nematostella vectensis). (B) Relationship between miR-10, miR-100/99 and miR-57. (C) Sequence and predicted 
RNA folding of pre-miR-615. The region of the mature miR-615 is underlined blue. Low complexity repeat 
sequences are marked in red. (D) Predicted folding of the miR-196c pre-miRNA. 
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IAB-4 
 The IAB-4 microRNA is present in a longer noncoding RNA transcribed from a cis-
regulatory region between AbdB and AbdA in the insect (Drosophlia sp., Anopheles 
gambiae, Aedes aegyptii, Apios melifera, Tribolium castaneum) Bithorax complex 
(20, 36). This region is analogous to the region where miR-196 is present in the vertebrate 
Hox clusters. Sequence comparison however shows no significant homology between the 
two microRNAs and they are unlikely to represent orthologs (4). Two mature microRNAs 
are produced from opposite strands of the IAB-4 precursor stemloop, IAB-4-5p and IAB-4-
3p. Both of the strands are 100% conserved among a wide range of insects representing a 
400 myrs evolutionary distance (36), which is very unusually for a precursor sequence 
outside of the functional microRNA. In this case it strongly suggests a function for the 
microRNAs produced from either strand of the stemloop. 
 
Expression of the Hox related microRNAs 
Since no functional in situ technique was yet available in vertebrates the expression 
patterns for miR-10 and miR-196 in mice were initially inferred from transgenic sensor 
lines (37). These lines have an integrated constitutive active LacZ gene with multimerized 
microRNA target sites in its UTR (a ‘sensor construct’). In regions where the microRNA is 
expressed the LacZ gene is repressed. In the transgenic embryos both microRNAs show a 
pattern essentially similar to their associated paralogue group Hox-4 and Hox-9 genes, 
implying that the microRNA and Hox genes in vertebrates are under shared transcriptional 
control. The presence of ESTs containing both miR-196 and HoxB9 supports this further 
(25). After the development of an efficient microRNA in situ hybridization technique based 
on locked nucleic acid  (LNA) probes, the sensor data were confirmed in mouse (38), 
chicken (39) and Zebrafish (27). However, in vertebrates no precise somitic borders of 
expression have been reported for either microRNA so far. Our own expression data in 
Zebrafinch  (Taeniopygia guttata) in situ hybridization show that in this species miR-10a is 
strongly expressed throughout the neural tube from a postotic hindbrain level and in the 
paraxial mesoderm much more weakly from the somite 7 level (fig. 3B ); miR-196a  
(fig.3A) is expressed in the neural tube with an anterior boundary at somite 23 and it has a 
stronger expression in the paraxial mesoderm reaching till somite 28. 
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Table 1) MiRBase sequences of the micoRNAs in the Hox cluster in human, mouse, Xenopus tropicalis 
and Zebrafish organized by cluster. Mutations creating different isoforms between among closest 
orthologs are marked with color, red representing the minority isoforms. t is also expressed in the fore and hind limb. In the early stages  miR-196 is expressed in 
he hind but not fore limb field. 
epending on the place of the mismatch, LNA probes can exhibit single nucleotide 
esolution and are able to distinguish between the different isoforms. In Zebrafish the 
ifferent miR-10 isoforms have very similar expression patterns although there are also  
lear differences (27). I now also have been able to confirm this further by in situ 
ybridization using ~100nt precursor sequences only. 
iR-615 has until now only been cloned from mouse colorectal tissue and the complete 
patial embryonic expression pattern is unknown. If no additional level of 
osttranscriptional regulation is involved it is very likely to have an expression pattern 
dentical to that of HoxC5, since it is located in its intron. In Drosophila, expression of 
iR-10 and IAB-4 has been described using precursor in situ hybridization in embryos (40, 
1). The miR-10 in situ data reveal a remarkable dynamic expression pattern in later 
mbryos, which at later stages is quite different from the dfd expression pattern suggesting 
hat the genes are under separate controls. In Drosophila, IAB-4 is expressed at a more 
osterior level than miR-10, consistent with its association with more posterior Hox genes 
40). 
 17 
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In studying the expression of any microRNA in vertebrate development it may be 
appropriate to take notice that there is recent evidence for an embryonic regulatory switch 
at the level of precursor processing or accumulation. Mature microRNAs could not be 
detected in early mouse embryos although their precursor sequences were abundantly 
present (42). How this affects the expression of the Hox related microRNAs is so far 
unclear but it implies that they may only be present after a certain stage in development, 
although they and their accompanying Hox genes are transcribed earlier on. 
 
The biological function of the Hox related microRNAs. 
The conservation of microRNAs within the Hox clusters and their expression in Hox like 
patterns is strongly suggestive for a role in axial patterning. The biological functions of the 
Hox linked microRNAs are so far still largely unclear though. Until now most data are 
available for the miR-196 and IAB-4 microRNAs. The miR-196 microRNAs have been 
shown to target HoxA7, HoxB8, HoxC8 and HoxD8 in mammals and the target sites in at 
least HoxB8 and HoxC8 are conserved from Teleosts to Tetrapods (35). The regulation of 
HoxB8 is mediated through miR-196 directed cleavage within the target site, which has 
only a single mismatch with the microRNA. Cleavage of target transcripts by microRNAs 
is common in Arabidopsis but until now this represents the only reported vertebrate 
example. How a target messenger is silenced depends on the degree of complementarity to 
the microRNA. An almost perfect match results in cleavage and a less perfect match in 
translational silencing. The sequence of the target site in HoxB8 has been 100% conserved 
during the 500 myrs separating Teleost from Tetrapods and this suggest that there is a 
strong selective force favoring cleavage over translational silencing.  
Hornstein et al.(43) discovered a role for miR-196 in the patterning of the mouse and 
chicken limb buds where it is involved in the differential interpretation of retinoic acid 
signaling by fore and hind limb. In wildtype embryos retinoic acid induces HoxB8 
expression in the developing fore limb buds but not in hind limbs. However, in conditional 
Dicer knockout embryos that lack all mature microRNAs in the limbs, retinoic acid results 
in HoxB8 induction in both fore and hind limbs. Using microarrays, miR-196 was shown to 
be expressed in the hind limb field only (see also miR-196a expression in the Zebrafinch 
fig.3A). 
 18 
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boundary (45). If indeed the absence of Hox-8 genes from the posterior part of the embryos 
is (partially) due to posttranscriptional regulation, the phenotype of a complete miR-196  
loss of function in the paraxial mesoderm is likely to result in a (partial) lumbar to thoracic 
homeotic transformation, as observed in posterior overexpression of the HoxC8 gene (46).  
The IAB-4-5p microRNA which is present in an analogues position in Drosophila has been 
shown to target the Ultrabithorax (Ubx) gene. Ultrabithorax plays a role in preventing the 
formation of wings from haltere structures. Mutations in Ubx result in the homeotic 
transformation where flies develop 2 instead of 1 pair of wings. 
In Drosophila high levels of IAB-4 expression are correlated to low levels of Ubx protein 
and ectopic expression prevents Ubx protein accumulation (36). When IAB-4-5p is 
ectopically expressed the halters develop the wing characteristic sensory hair rows, 
showing the effects of a classic homeotic transformation. Until now much less has been 
discovered about the biological role of miR-10. In mouse blood megakaryocyte 
differentiation, miR-10 has been shown to be upregulated and to target HoxA1 (47). The 
endogenous temporal expression patterns of miR-10 and HoxA1 in megakaryocytes show 
temporally mutually excluding patterns. I have found in Zebrafish that miR-10 targets Hox-
1 and Hox-3 genes and is necessary for the proper development of the posterior hindbrain 
(Woltering & Durston 2007, chapter this thesis). In Drosophila miR-10 has been predicted 
to target Sex Combs Reduced (Hox-5) and in this case it also is a neighboring gene that is 
targeted (48). 
MiR-615 is the most recently discovered microRNA and no experimental data addressing 
its function have been published yet. 
 
A role in posterior prevalence? 
The emerging picture from functional studies is that the vertebrate Hox microRNAs have 
target interactions with more anterior genes located within the Hox clusters themselves (fig. 
4). As discussed above the anterior boundaries of Hox genes in general follow the rules of 
colinearity. Hox genes however have nested expression patterns and the posterior 
boundaries of Hox genes are less well defined and tend to overlap with the expression of 
more posterior genes. 
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Within the Hox code a simple hierarchy exists that determines which of a number of 
overlapping Hox genes has selector function. As a rule: where genes are coexpressed the 
posterior genes are dominant over anterior genes, which is known as ‘posterior prevalence’ 
(49).  
Although this is a well established phenomenon there are some indications that deviations 
from this rule exist. In the case of the miR-196/Hox-8 interaction, the experiments done by 
Pollock and colleagues, where ectopic expression of HoxC8 in the mouse paraxial 
mesoderm leads to an anterior transformation, indicate that the proposed dominance of 
lumbar Hox genes does not completely abolish Hox-8 function (46). This would explain 
why an extra regulatory mechanism is necessary to prevent accumulation of Hox-8 proteins 
in the lumbar paraxial mesoderm.  
 
Indications for additional microRNAs in the Hox clusters 
The vertebrate Hox clusters contain many transcribed noncoding intergenic regions 
including ultra conserved elements (50). The possibility exists that there are more 
microRNAs located within these regions. Directed bioinformatics searches to identify these 
by analyzing secondary RNA structure surrounding conserved elements have so far 
however not identified likely candidates outside the miR-10 and miR-196 families 
(Mainguy, Woltering, Durston and others unpublished). The presence of more conserved 
microRNA families therefore does not seem likely. This in silico footprinting is however 
largely based on sequence homology and lineage specific micoRNAs like miR-615 will 
therefore not be identified. Species specific microRNA cloning and sequencing efforts are 
therefore necessary to identify possible additional lineage specific Hox microRNAs.  
 
Other Hox-microRNA interactions 
The miR-181 microRNA which is strongly upregulated in regenerating muscles has been 
shown to target HoxA11 during mammalian myoblast differentiation (51). MiR-181 was 
knocked down by transfection of a miR-181 antisense LNA oligo in differentiating C2C12 
cells, which prevented the upregulation of muscle differentiation markers. In wildtype 
differentiating muscles HoxA11 is downregulated and functions as an inhibitor of this  
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process.  In the absence of miR-181 HoxA11 downregulation is partially reduced. Neither 
upregulation of miR-181 nor downregulation of HoxA11 alone triggers muscle 
differentiation however, showing that the differentiation switch is operated through a 
intricate network involving multiple microRNA-target interactions. 
 
Evidence for posttrancriptional regulation of additional Hox genes has been found in mouse 
for HoxB4 and HoxC6, where expression of these genes has been characterized by both in 
situ hybridization and immunolocalization. HoxB4 message can be located throughout the 
mouse neural tube. Howerer, antibody staining shows that the protein is absent from the 
















Figure 4) Posttranscriptional interactions within the Hox clusters.  A) In the vertebrate Hox clusters there
is evidence for interactions between miR-10 and Hox-1 and Hox-3 paralogous genes. MiR-196 has been 
conclusively shown to target Hox-A7 and Hox-8 genes. B) In Drosophila, IAB-4 targets Ubx and the scr 
sequence has been shown to contain miR-10 target sites.                                                                                        
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HoxC6 in chicken and mouse is expressed in both for and hind limb; HoxC6 protein cannot 
be detected in the hind limb though (53). It is currently unknown whether these 
posttranscriptional effects are mediated through microRNAs in these two cases. 
 
Concluding remarks 
With the discovery of the microRNAs in the Hox clusters, a new level of regulation has 
been introduced in one of the most exciting and best understood metazoan developmental 
loci. The functions of the endogenous microRNAs are still largely unresolved, mainly 
because of the absence of loss of function data. The presence of multiple, likely redundant 
copies in the vertebrate genomes probably necessitates the creation of double and triple 
mouse knockouts to reveal the full impact of the microRNAs on the patterning of the axis. 
Since oligo morpholinos can target and inhibit the function of complete microRNA 
families, knockdown in Zebrafish and amphibians may provide an elegant solution to 
circumvent this problem. In Zebrafish and Xenopus it is very well possible to study the 
patterning and development of the nervous system. Characterization of the development of 
the paraxial mesoderm, however, is hampered in these species as the axial skeleton 
differentiates very late. Knockdown in the Salamander Triturus or Ambystoma model 
systems, which have a much earlier development of the axial skeleton may therefore be 
used as an alternative. 
I predict that within the Hox clusters the miR-10 and miR-196 microRNAs play a role in the 
coordination of gene dominance effects that are not covered by the mechanisms of posterior 
prevalence. The posterior prevalence in the Hox code is believed to function through 
protein-protein interactions that establish a hierarchy in the DNA binding. This leads to 
different transctriptional responses of the genes. Several homeodomain proteins have 
however been reported to influence translation (53, 54), and based on conserved domain 
structures many more Hox genes are predicted to do so as well. Outside of the traditional 
function of Hox genes as transcription factors, different dominance relationships may exist. 
It is not unlikely that the posttranscriptional repression of microRNAs may play a role to 
influence these. The genes in the vertebrate Hox clusters and their functions are much 
conserved. The variation in the Hox clusters, like the acquisition of miR-615 within 
mammals and the presence of an aberrant miR-196c in Xenopus tropicalis,  
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is therefore somewhat surprising and it is enticing to speculate that these differences may 
have played a role in evolution. This pattern of variation between closely related species 
may be a common theme in microRNA networks. Berezikov et al. (55) for instance 
reported the presence of human and chimp specific microRNAs expressed in the brain.  
It is assumed that miR-196 and IAB-4-5p are unrelated; still they have evolved at analogues 
positions in the Hox clusters with analogues functions and represent a striking case of 
convergent evolution of gene regulation within one locus. Such parallel developments 
suggest that these interactions add something essential to the coordination of the genetic 
network within the Hox cluster that is not easily achieved by other means of regulation. 
It is very exciting that a Hox linked microRNA miR-10 belongs to the group of 3 most 
ancient microRNAs present in the bilateralia lineage and study in Nematostella (as also 
suggested by Prochnik et al. (25)) is likely to provide insights, not only in the evolution of 
its own function, but also in the evolution of the intricate network of the current vertebrate 
microRNA target relationships. 
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We present the discovery of a new Zebrafish Hox cluster that has lost all functional 
sequences outside of the miR-10d microRNA, hereby completing the number of postulated 
Teleost Hox clusters. In the process of loosing its genes, the size of the HoxDb cluster has 
shrunk an approximate 30 times to 8.1kb. Characterization of the expression of the miR-10d 
microRNA with locked nucleic acid (LNA) and precursor probes shows an expression 
pattern similar to that of other miR-10 microRNAs, suggesting that the degenerated cluster 
has retained its original mode of regulation. We speculate about the reasons for the 
conservation of multiple, apparently redundant, genomic copies of microRNAs in the 
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The metazoan Hox clusters consist of clustered homeodomain transcription factors 
involved in patterning of the body axes and were formed by tandem duplications (1). Non-
vertebrates possess one cluster containing a maximum of 14 genes. After the major genome 
duplications in the vertebrate lineage the clusters have stayed intact and the Tetrapod land 
vertebrates posses four Hox clusters (A, B, C and D). Between each of today’s clusters there 
is an unequal number of genes which results from increased freedom to mutate after 
duplication. This has also allowed them to diverge and to adopt novel developmental roles 
(2). Fish (Teleosts) underwent an additional, more recent genome duplication and thus 
possess a theoretical number of 8 Hox clusters (named Aa, Ab, Ba, Bb, etc.) (3). After the 
fish specific duplication, a similar relaxation-mutation process took place during which 
whole clusters are believed to have disappeared; all diploid Teleosts in which the Hox 
clusters have been described seem to posses only 7 instead of 8 clusters (3, 4). The Medaka 
(Oryzias latipes) and the two Pufferfish species (Takifugu rubripes, Tetraodon nigroviridis) 
have only one HoxC cluster homologue and in the Zebrafish only one HoxD cluster has 
been described. In addition to the protein coding genes in the Hox clusters, the miR-10 and 
miR-196 families of Hox specific microRNAs have been described (5, 6). In Zebrafish, 
miR-10  copies are present in  the Hox Ba, Bb, Ca and Da cluster and one copy located in a 
genomic position that seems at first sight Hox unrelated (fig.1a). This latter isoform has the 
same sequence as present in the Takifugu and Tetraodon HoxDb cluster. Annotation in 
Ensembl shows that it is positioned in an 8.1 kb ‘empty’ region flanked 3’ by mtx2 and 5’ 
by a Zebrafish lunapark homologue (Q6PFM4_BRARE) and ATP5G3 (fig.1a). This 
genomic location corresponds to the synteny region of the HoxD cluster as it is conserved 
among vertebrates (fig.1c). Further extensive analysis of the region in between lunapark 
and mtx2 with Blast, translated Blast and Lagan didn’t reveal any additional homologues 
sequences shared with Tetrapod or Teleosts Hox clusters outside the ~100 nucleotide 
microRNA precursor sequence (fig.1b). From the genomic homology it is clear that the 
position of the miR-10 gene corresponds to the degenerated Zebrafish HoxDb, cluster but 
analysis shows that apparently all Hox related sequences were lost, with the exception of 
the miR-10 microRNA. This microRNA isoform was previously cloned from Zebrafish (7) 
and is listed as dre-miR-10d (MI0001889 and MI0001890) in miRBase (8). RT-PCR and 
sequencing further confirm embryonic expression of the microRNA precursor (data not 
shown).                     
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Figure 1) Genomics and expression of miR-10d and the HoxDb cluster. (a) Location of the five miR-10 
copies in the Zebrafish Hox clusters (3’ direction is to the left). (b) Lagan Vista plot of the Zebrafish HoxDb 
cluster with the Human HoxD cluster, the peak corresponds to the miR-10d precursor sequence.  Below: peak 
sequence alignment, the mature miR-10d microRNA sequence is marked blue. (c) Genomic structure of the 
human (Hsa) HoxD and Zebrafish (Dre) HoxDb cluster and surrounding region. (d) Double in situ 
hybridization on 48 hf Zebrafish embryos. Red: Engrailed-2 staining at the midbrain-hindbrain boundary. 
Purple: upper panel, miR-10c; middle panel, miR-10d; lower panel, miR-10d 1MM (one mismatch control, no
staining).      33 
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In situ hybridization with microRNA specific LNA probes able to distinguish between the 
different miR-10 isoforms (9) show a similar Hox like expression pattern in the posterior 
spinal cord for miR-10d as for the other miR-10 members (fig.1d).Probes corresponding to 
the precursor sequences confirm this (fig.2). This suggests that the Zebrafish miR-10d has 
kept its original function within this domain of expression. The region between lunapark 
and mtx2 containing the HoxD cluster has a size of 267, 268 >118 and ~ 80 kb in humans, 
mouse, Zebrafish HoxDa (incomplete contig) and Tetraodon HoxDa respectively. The 
mouse HoxD cluster is under control of conserved global cis-regulatory elements located in 
positions between lunapark and ATP5G3 (10). Interestingly, this region has a respective 
size of 741, 667 and ~80 kb in human, mouse and Tetraodon HoxDa cluster, but comprises 
only 3 kb in the Zebrafish HoxDb cluster, which strongly suggests that the regulatory 
elements have mutated and disappeared together with the cluster itself.  
The discovery of the HoxDb cluster makes Zebrafish the first Teleosts in which the fate of 
all the original 8 Hox clusters is known and brings the number of described clusters in line 
with the model for a complete genome duplication in the fish lineages. The most likely 
scenario for the loss of most of the Zebrafish HoxDb cluster and its control regions is that 
these have been lost gradually, probably after inactivation by mutation; the miR-10d gene 
and the surrounding genes are still intact, excluding a one step disappearance process (e.g. 
by excision). Also the presence of pseudo-genes in other fish Hox clusters and an 
‘intermediately degenerated’ HoxDb cluster in the two Pufferfish supports this view.  The 
graded character of the process may indicate that, in the absence of selective pressure, 
small deletions form a major force in shaping genomes and that there is a strong tendency 
for compaction by removal of non-essential sequences. Hox clusters are believed to 
experience high levels of purifying selection and are from an evolutionary point of view 
very robust structures. The fact that, in absence of selective pressure, a cluster can virtually 
disappear, suggests that the many gene deserts in the genomes for which no function is 
known are actually maintained by positive selection instead of being simply mutated non 
functional regions. Further, microRNA’s are possibly the most conserved metazoan genes, 
their functions during life and development are still poorly understood though. The 
paralogue 9/10 associated microRNA miR-196 has been shown to target 7 and 8 paralogue 
group Hox genes (11, 12) but results of knockouts or mutants have to be awaited to 
determine its requirement during development. Not much of the function of miR-10 is                              
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known, but it also seems to target more anterior Hox genes. In the case of the original 
HoxDb cluster at least many ten thousands of bases have disappeared. The fact that the only 
functional element remaining is a microRNA that is already redundantly present in 4 other 
copies in the genome (in the Zebrafish HoxBa, Bb, Ca and Da clusters) raises questions 
around the selective pressures maintaining these elements throughout evolution.   
The evolutionary selection for a single copy in the HoxDb cluster without the 
accompanying Hox genes may indicate a quantitative mode of miR-10 microRNA 
regulation on Hox genes wherein a certain ratio is favored. In this context it is also worth 
highlighting that the preservation of a miR-10b copy in the Zebrafish HoxCa clusters 
correlates with the presence of Hox genes anterior to HoxC4a, while both the miR-10 and 
these anterior Hox genes are absent in the Tetrapod HoxC clusters. 
On the other hand, an explanation for the persistence of high microRNA genomic copy 
numbers in the context of the genome duplications could be that, in contrast to many 
protein coding genes, microRNAs may not be functioning in a quantitative manner. It has 
been suggested that after a tetraploidization event there is a strong selection against genes 
with high dosage effects and that this is also the case for Hox genes (13). A pure negative 
selection (i.e. in the case were the genes would have an unambiguous deleterious effect) 
against the genes in the HoxDb cluster seems, however, unlikely for the following reasons: 
the disappearance of the HoxDb cluster likely was a graded event and the individuals that 
gave rise to the Zebrafish lineage still possessed coding parts of the HoxDb cluster. These 
individuals were at least healthy and fertile enough to produce progeny. These same fish 
also are the ancestors of other fish lineages like Pufferfish and Medaka, which nowadays 
still possess Hox coding genes in the HoxDb cluster. A deleterious effect caused by the 
disappeared HoxDb genes per se is therefore difficult to envisage. Assuming that, as 
proposed, Hox genes indeed have dosage effects, the following explanation for the 
disappearance of the HoxDb genes and the persistence of the miR-10d microRNA may be 
thought of. Selectively loosing specific Hox genes may cause changes of a more subtle 
nature and offer species a mechanism for adaptation and speciation. In this scenario, 
selective loss of a normal Hox gene could be an advantageous event allowing for instance 
niche differentiation. On the other hand, loss of a single microRNA copy would be a 
neutral event that is under neither positive nor negative selection and would therefore be 
less likely to get fixed during evolution.  
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Figure 2) miR-10 LNA and precursor in situ hybridizations. 
In situ hybridization on 24hpf embryos for miR-10b-1, miR-10b-2, miR-10c and miR-10d using LNA and 
precursor probes. In all cases similar staining is observed for LNA and precursor probe. Since miR-10b-1 and miR-
10b-2 have identical mature sequences they are detected by the same LNA probe. 
 
Material and methods 
 
Alignments were performed using BLAST at the NCBI and Lagan (14). 
In situ hybridizations were performed according to standard procedures and Wienholds et 
al. (15). LNA probes were obtained from Exiqon (Denmark), hybridization temperature 
used was 58ºC. 
The 4 miR-10 isoforms differ from each other at 1-3 positions (see table 1 below). The 
closest isoform (and so the most probable to give cross reactivity) to miR-10d is miR-10b  
which differs at only one position by a T to C substitution. The control probe was designed 
to contain a substitution at this position that should recognize a G, thereby creating a probe 
against a none existing miR-10 isoform differing at the same position from miR-10b as 
miR-10d does.  
Precursor in situ hybridization experiments were done at 55ºC. Precursor probes were 
synthesized from pGEM-TE vectors containing the ~100 nt pre-miRNA sequences of miR-
10b-1, miR-10b-2, miR-10c and a ~1000bp PCR fragment containing the pri-miR-10d RNA 
using T7 or Sp6 polymerase. The miR-10d probe was hydrolyzed to obtain an average  
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~300nt sized final probe. To our knowledge these are the first reported microRNA 
precursor in situs in a vertebrate. 
Zebrafish HoxDb is located in gebank accession: BX546447and in Ensembl Zebrafish v36 
dec. 2005: chromosome 6, 6193163-6201262. 
miR-10 isoform nomenclature used is according to miRBase 16,. In miRBase two accession 
numbers are present for miR-10d which apparently both correspond to the same microRNA 
and result from erroneous assembly of part of the Zebrafish genome.  
The sequences of  Zebrafish miR-10b-1, Tetraodon nigroviridis miR-10d and Takifugu 






 miR-10a miR-10b miR-10c miR-10d control probe 
miR-10a - 1 1 2 2 
miR-10b 1 - 2 1 1 
miR-10c 1 2 - 3 3 
miR-10d 2 1 3 - 1 
control probe 2 1 3 1 - 
 
Table 1 nucleotide substitutions between miR-10 isoforms  
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MiR-10 targets HoxB1a and HoxB3a  
and is required for correct migration of the  
Xth nerve and trunk motorneurons 
 






Within the vertebrate Hox clusters the miR-10 microRNA is associated with the position of 
the Hox-4 paralogue group genes. Using sensor RNAs, microRNA overexpression and 
knockdown we show that miR-10 targets the more anterior HoxB1a and HoxB3a genes in 
Zebrafish. The target genes have a dominant hindbrain domain of expression anterior to the 
miR-10 expression domain. Their expression however overlaps in a weaker domain in the 
spinal cord where miR-10 loss of function results in their up regulation. Overexpression of 
miR-10 leads to a failure of the VIIth cranial nerve to migrate out of rhombomere 4 as a 
direct result of repression of HoxB1a. Overexpression of miR-10 also phenocopies the 
reported effects of HoxB3a, as shown by gcm-2 expression. Morpholino knockdown of 
miR-10 results in abnormal morphology and branching of the Xth cranial nerve and a 
failure to correctly innervate the branchial arches. We also observe consistent defects in 
pectoral fin motor neuron innervation in morphant embryos. We identify a role for miR-10 
in the restriction of functional domains of anterior Hox genes, the correct development of 









The Hox genes are responsible for the regionalization of the anterior posterior axis of the 
metazoan trunk. In human and mouse this gene family comprises 39 closely related 
homeodomain transcription factors organized in 4 homologous clusters (A-D) (1-4). The 
genes are expressed along the body axis in a sequential fashion corresponding to their 
physical sequence within the clusters. The more 3’ a gene is located in a cluster the more 
anterior its expression domain, something which is commonly referred to as ‘spatial 
colinearity’. The genes have sharply defined anterior boundaries of expression but their 
posterior boundaries are in general less clear and overlap with the expression of more 
posterior genes. Due to an additional genome duplication 7 or 8 Hox clusters (named Aa, 
Ab, etc.) are present in the fish lineages with in Zebrafish 7 and a total of 48 genes (5, 6).  
In addition to the Hox coding genes the miR-10, miR-196 and miR-615 microRNA gene 
families have been identified within the vertebrate Hox clusters (7-10). MicroRNAs are 
small (~22 nt) non-coding RNAs which are derived from stemloop forming precursor  
transcripts through processing by the RNAse III enzymes Dicer (11) and Drosha (12). 
MicroRNAs function in post-transcriptional gene silencing by binding to imperfect target 
sites in the messengerRNA and thereby induce translational inhibition and RNA 
destabilization (13, 14).  
In the Hox clusters, miR-10 is closely associated with the position of the Hox-4 paralogue 
members, miR-196 is located 5’ of Hox-9 paralogues genes and the more recently cloned 
miR-615 is located in the HoxC5 intron in mammals but appears to be absent in Teleosts 
and Xenopus tropicalis and may therefore be restricted to either mammals or amniotes. In 
the Zebrafish genome miR-10 is present in 5 copies and 4 different isoforms (a, b, c and d) 
differing from each other at 1 to 3 positions and we have recently shown that the miR-10d 
microRNA corresponds to the degenerated HoxDb cluster (15, 16). 
 
Mouse knockouts and a Zebrafish germline Dicer mutant have revealed important functions 
for microRNAs in the coordination of normal embryonic development (17, 18), but 
individual vertebrate microRNAs are in general still enigmatic genetic objects and only few  
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have been characterized on a functional level. In Zebrafish miR-430 (19) has been shown to 
silence maternal RNAs, miR-214 has been shown to be involved in proper somite 
specification (20) and miR-375 is involved in the maintenance of embryonal pancreas 
integrity (21). 
With respect to the Hox related microRNAs, HoxA7 and Hox-8 paralogous genes have been 
identified as targets of miR-196 (22, 23, 24) and in chicken the interaction with HoxB8 has 
been implicated in the mechanism that abolishes the competence of posterior lateral plate 
mesoderm to limb induction by retinoic acid (24). In Drosophila a conserved or possibly 
convergent interaction exists for the miR-196 homologue IAB-4 (4, 22) that appears to 
target the Ubx Hox gene (25). Till now the function of miR-10 has remained unclear but 
based on its evolutionary conservation within the Hox clusters a role in anterior posterior 
patterning similar to that of the Hox genes itself could be anticipated. 
 
As key patterning genes in the posterior central nervous system, the Hox genes are at the 
basis of the segmental rhombomeric organization of the hindbrain (26, 27) and the regional 
differences in motorneuron characteristics in the spinalcord (28). The most anterior Hox 
genes (group 1-4) are involved in the pattering of the hindbrain and branchial arches and 
follow the rhombomeric boundaries in their expression. In the Zebrafish hindbrain HoxB1a 
and HoxB1b are expressed in rhombomere (r) 4, HoxB2a defies the rule of colinearity and 
is expressed more anterior in r 3 and r 4, HoxB3a and HoxA3a are expressed strongest in r 5 
and 6 with a weaker domain extending more posterior in the spinal cord. Finally the Hox-4 
paralogues are expressed from r 7 onwards throughout the spinal cord (reviewed 29). Their 
differential expression in the hindbrain contributes to the formation of localized neuronal 
structures like the rhombomere 4 specific mauthner neurons and the distinct pattern of 
cranial motor nerves in different regions of the hindbrain. 
Here we address the function of miR-10. We show that it represses the more anterior 
HoxB1a and HoxB3a genes and that overexpression induces phenotypes associated with the 
loss of these genes. In miR-10 morphant embryos we observe posterior upregulation of 
these target genes. In addition we observe severe defects in the migration of the Xth cranial 








MiR-10 expression and upregulation by retinoic acid  
MiR-10 is associated with the 5’ genomic region of Hox-4 genes and previous studies in 
Zebrafish and mouse with microRNA specific Locked Nucleic Acid (LNA) in situ 
hybridization (15, 30) and transgenic sensor lines (23) have shown that both genes are 
expressed in similar domains. RT-PCR with primers located 5’ of miR-10c and in the 
HoxB4a coding sequence reveals presence on the same primary transcript (fig.1A) and RT-
PCR on the single genes reveals a similar temporal pattern of expression (fig.1B). The 
exact anterior boundary of expression for miR-10c was determined in double in situ 
hybridization with the anterior neighboring gene HoxB3a (fig.1C). Consistent with the 
transcriptionally implied co-regulation, miR-10c has the same anterior boundary of 
expression as described for HoxB4a and is expressed in a mutually exclusive domain with 
the anterior strong r 5/6 expression of HoxB3a (single in situ, supplementary fig.1A). 
Under some circumstances LNA probes are known to exhibit single nucleotide resolution 
(15, 31). In situ hybridization with probes matching each of the miR-10 isoforms 
(supplementary fig.2) excludes that other isoforms not detected by the miR-10c LNA probe 
are expressed overlapping with or anterior to the main expression domain of HoxB3a. The 
expression patterns of the different miR-10 copies, as observed using LNA probes, differ in 
that the probes for miR-10b and miR-10d show a more posterior rostral boundary with 
highest intensity staining caudal to the hindbrain while miR-10a and miR-10c probes have 
an anterior boundary at r6/7. 
Anterior Hox genes are regulated in the neural tissue by retinoic acid (26). Treatment of 
embryos with 10-6 retinoic acid shows upregulation of miR-10c in in situ hybridization 
 (fig.1D). This is a response pattern as known for Hox-4 paralogue genes. 
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Figure 1) miR-10c expression and induction by retinoic acid. A) RT-PCR with primers located 5’ of miR-10c 
and within the coding region of exon 1 of hoxB4a, 35 cycles, -RT; no reverse transcriptase added. The miR-10c 
precursor is co-transcribed with the hoxB4a coding region. B) Temporal expression during development of 
hoxB4a (28 cycles) and mir-10c pre-miRNA (35 cycles) as determined by RT-PCR on different stages of 
Zebrafish development. C) Whole mount in situ hybridization on different stages Zebrafish embryos, red; hoxB3a 
coding region exon 1, purple; miR-10c LNA probe. Note the mutual exclusive expression with the strong  r 5/6 
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MiR-10 targets  HoxB1a and HoxB3a  
MicroRNAs bind through a complementary fuzzy match to target sites in messengerRNA 
transcripts and the specificity of this interaction resides in nucleotide 2-7 (the seed) of the 
microRNA which requires a complete match usually flanked on position 1 by an adenosine 
or a perfect match (32). Accordingly, sequence information permits the prediction of target 
genes. In silico target analysis in Teleosts has predicted that miR-10 targets are present 
within the Hox clusters (33). Inspection of the Zebrafish Hox clusters for putative miR-10 
target sites using the seed sequence (nucleotide1-7, the sequence of miR-10 starts with an U 
so the perfect match for position 1 is already an A) indicates presence of them primarily in 
the parts 3’ to the microRNA itself (i.e. in parts of the cluster that are expressed more 
anteriorly). Detailed analysis of the HoxBa cluster results in the identification of seed target 
sequences associated with mature Hox transcripts: 2 located in the 3’ UTR of HoxB1a, 2 in 
the 3’ UTR of HoxB3a and 3 in the HoxB3a open reading frame (fig.2A). E-YFP sensor 
constructs containing the HoxB1a and HoxB3a 3’UTRs with wildtype or seed point mutant 
target sites predicted to abolish interaction with the microRNA, were tested for their 
sensitivity to silencing by miR-10 (fig.2B). 100pg sensor mRNA was injected with or 
without 1nl 20 µM miR-10 siRNA. Coinjection with 10pg E-CFP mRNA was used as a 
loading control. Both HoxB1a and HoxB3a wild type sensor constructs are strongly 
repressed by the microRNA (fig.2C) while the HoxB3a seed point mutant construct proves 




Figure 2) In the HoxBa cluster miR-10 target sites are associated with HoxB1a and hoxB3a. 
A) MiR-10 seed bindingsites (nucleotide 1-7) (orange) within the sense strand of the HoxBa cluster; known and 
EST database inferred mature Hox transcripts are indicated in blue. The position of miR-10c is shown in green. B) 
Schematic presentation of the HoxB1a and HoxB3a E-YFP sensor constructs and the HoxB3a overexpression 
construct. The red sites represent target sites (seed 1-7). The light red site in the HoxB1a 3’ UTR is a site T 2-7 
which is also mutated in the HoxB1a mutated sensor construct . C) Validation of the HoxB1a and HoxB3a E-YFP 
sensor constructs. Blastula stage embryos were injected with sensor construct and E-CFP with or without 
coinjection of a miR-10 siRNA. E-CFP is shown as loading control, wildtype (WT) are silenced by miR-10 while 
seed mutant (mut) constructs are insensitive. D) Validation of the HoxB3a ORF as miR-10 target. The phenotypic 
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The seed mutant construct for HoxB1a in which the two target sites are mutated is still 
partially silenced however after coinjection with miR-10 (data not shown). Closer 
inspection reveals a 3rd possible target sequence corresponding to nucleotide 2-7 flanked by 
a T on position 1 (light red box fig.2B). After introduction of a point mutation in nucleotide 
3 of this seed sequence the construct is no longer repressed by miR-10 (fig.2C).  
A phenotypic sensor assay was employed to validate the target sites located in the HoxB3a 
ORF; overexpression of 40pg HoxB3a RNA induces very strong phenotypes with both 
anterior and posterior truncations of the embryo (fig.2D). These effects can be completely 
rescued by coinjection of 1 nl 20µM miR-10 siRNA which indicates absence of 
overexpressed HoxB3a protein. These experiments identify the predicted HoxB1a and 
HoxB3a 3’UTR and ORF target sites as genuine mediators of miR-10 activity.  
In the other Hox-1 and Hox-3 paralogue members in the HoxAa, HoxBb, HoxCa and 
HoxDa clusters one putative target site is present in the HoxA3a 3’ UTR (777 nt 
downstream of the ORF), one putative target site associated with the HoxB1b 3’ UTR (125 
nt downstream of the ORF) and HoxA1a has a seed sequence located 5472 nt downstream 
from its ORF sequence. No seed sequences are associated with the HoxC1a, HoxC3a or 
HoxD3a coding region or 3’ UTRs. 
 
Response of endogenous target transcripts upon overexpression or knockdown of miR-10 
Besides interfering with translational processes, targeting by microRNAs leads to reduced 
transcript stability and decreases the amounts of transcript present (19, 34). RNA levels can 
therefore function as indicator of a transcript/microRNA interaction (19).   
In situ hybridization on embryos injected at the one cell stage with 1nl 20µM miR-10 
siRNA, using probes derived from exon 1 coding sequences, shows a strong 
downregulation of the target genes HoxB1a and HoxB3a but not of HoxB2a, B4a, B5a, 
B6a, B7a or B8a, genes that are predicted not to be targets (fig.3C,h right panels marked 
miR-10 siRNA and data not shown). Notably, HoxB3a is only downregulated in its anterior 
strong domain of expression and not in its weaker posterior domain, suggesting that within 
the latter domain the repressive effect of the endogenous miR-10 is saturated and not 
elevated by any experimental surplus. In situ hybridization with a probe derived from the 
‘sensor part’ of  the 3’ UTR of HoxB3a shows that this region of the transcript is expressed  
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both within the anterior and posterior domain of HoxB3a and responds in the same way to 
overexpression of the microRNA (supplementary fig.1B. Relative quantitativity of the 
method was assessed by control double in situ hybridization using HoxB1a and HoxB4a. 
These experiments show that it is well possible to visualize different responses of the genes 
(fig.3F). We also looked at the response of HoxA3a, HoxC3a, HoxD3a, HoxB1b and 
HoxA1a to overexpression of miR-10. Of these genes only HoxA1a responds very strongly 
to overexpression of miR-10 and has a strongly reduced expression comparable to the effect 
of miR-10 on HoxB1a (fig.3C).  
Processing and production of a mature miRNA can be effectively blocked by a morpholino 
directed against a microRNA precursor (21). Since morpholinos allow mismatches with the 
target sequence it is possible to redundantly target several miRNA isoforms using fewer 
morpholino sequences. ClustalW alignment of the 5 microRNA precursors reveals a region 
of extended conservation in the stemloop 5’ to the mature miR-10 (fig.3A) allowing the 
design of two morpholinos with only minor overlap to control against off-target effects. 
Morpholino 1 (MO 1) consist of a mix of two morpholinos directed against the miR-10a 
and miR-10b sequences, morpholino 2 (MO 2) is one morpholino directed against the 
upstream conserved sequence (fig.3A). Both morpholinos have maximally one nucleotide 
mismatch with any of the miR-10 isoforms. Injection of either 5ng of MO 1 or MO 2 leads 
to absence of the signal in in situ hybridization using LNA probes, showing that the 
processing is efficiently inhibited (fig.3E and data not shown).  
Injected embryos were analyzed for the expression of Hox genes (fig.3C). In the 
morpholino injected embryos a second HoxB1a expression domain appears more 
posteriorly in the hindbrain/spinal cord transition. When miR-10 knockdown embryos are 
stimulated with 10-6 retinoic acid which upregulates both HoxB1a and miR-10c, a very 
strong upregulation of HoxB1a but not HoxB4a is observed (fig.4).  
In morphant embryos HoxB3a shows a similar upregulation in posterior domains, although 
to a lesser extent. More posterior Hox genes and HoxB2a which are also not affected by the 
overexpression of miR-10 siRNA do not respond to the morpholinos. None of the genes 
reacted to injection with up to 10ng of a Genetools standard control morpholino or a  
miR-10b antisense morpholino (data not shown). These data are consistent with the 
predicted targeting and silencing of HoxB1a, HoxB3a by miR-10 within its domain of 
expression. Surprisingly both HoxA1a and HoxB1b are also upregulated strongly in  
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posterior domains in miR-10 morphant embryos (fig..3C, E) suggesting direct de-repression 
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Figure 3) Effect of miR-10 knockdown and overexpression on endogenous Hox target transcripts  
A) Clustal W alignment of the 5 Zebrafish miR-10 precursor sequences with indications of the positions of the 
mature microRNA, the hairloop and the miR-10* (antisense) position. The target sequences for both morpholino 1 
and 2 are indicated yellow. B)  Phenotypes of 72 hours post fertilization (hpf) embryos injected with miR-10 
siRNA of morpholino. Note that the injected embryos look indistinguishable from the non injected controls (NIC). 
C) Whole mount in situ hybridizations with probes for HoxB1a, B2a, B3a, B4a and B5a on 24hpf embryos 
injected with morpholino 1 or 2 (MO 1 or MO 2), miR-10 siRNA or non injected controls (NIC). Embryos were 
stained equally long and staining was continuously monitored and stopped before reaching signal saturation. D) In 
situ hybridization with HoxB1b probe on 24 hpf embryos injected with MO1, MO2 or miR-10 siRNA. In the 
morphants there is upregulation, although no downregulation is observed in the miR-10 siRNA injected embryos. 
E) Effect of morpholino knockdown on the endogenous expression of miR-10b and miR-10c in 72 hpf embryos.  
F) Double whole mount in situ hybridizations on 24hr embryos using exon 1 coding sequence probes for HoxB1a 
and HoxB4a. Embryos were stained equally long till adequate staining was obtained for the HoxB4a probe.   
 
Overexpression of miR-10 induces phenotypes associated with loss of HoxB1a and  
Hox-B3a but not HoxB1b  
The phenotypes of both morphant and overexpression embryos during the first 5 days of 
development are remarkably normal without any apparent defects observed (72 hpf 
embryos shown fig.3B). However, as miR-10 appears to target HoxB1a and HoxB3a and 
possibly other 1 and 3 paralogue genes, the phenotype of miR-10 overexpression is 
expected to at least combine the loss of function phenotypes for these genes. 
In Zebrafish, morpholino studies have shown that HoxB1a is required for the correct 
patterning of rhombomere 4 together with HoxB1b (35). Double knockdown of HoxB1a 
together with HoxB1b leads to absence of the primary mauthner neurons which run from 
rhombomere 4 down the spinal cord. Single knockdown of HoxB1a does not affect 
mauthner neurons but results in the failure of the branchiomotor neurons of the VIIth 
cranial nerve to migrate out of rhombomere 4. The knockdown of HoxB3a and HoxA3a has 
been shown to result in downregulation of the expression of the gcm-2 gene in the branchial 
arches (36). Loss of Hox-3 genes does not seem to lead to defects in the thyroid/parathyroid 
system as it does in mice (36, 37). 
Analysis in 72 hr miR-10 overexpression and knockdown embryos by immunolabeling with 
primary neuron specific 3A10 antibody shows that the mauthner neurons which can be 
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Figure 4) Effects of miR-10 knockdown and treatment with retinoic acid.  Shown are wildtype (WT), wildtype 
treated with 10-6M retinoic acid, control morpholino (CMO) treated with 10-6M retinoic acid, MO1 injected treated 
with 10-6M retinoic acid and miR-10 siRNA treated with 10-6M retinoic acid. In situ hybridization is done with 
probes for HoxB1a and HoxB4a. Note the strong upregulation of HoxB1a in retinoic acid treated morphants.  
 
Figure 5) Overexpression of miR-10 phenocopies loss of HoxB1a and Hox-3 genes. A) 3A10 immunolabeling  
in 72 hpf embryo showing primary hindbrain motorneurons. The rhombomere 4 mauthner neurons are visible as 
horizontal stripes marked M. B) Confocal laserscanning microscope images of hindbrain regions of 5 days post 
fertilization retrograde labeled (RGL) embryos. All embryos show the same pattern of reticulospinal neurons, 
mauthner neurons are marked M. C) Flat mounted hindbrain region of 30 hpf embyos in situ hybridized with islet-
1 and tag-1 showing the pattern of branchiomotor neurons. The VIIth nerve is non migratory in miR-10 siRNA 
injected embryos. D) gcm-2 expression in 48 hpf embryos, note the downregulation in the miR-10 siRNA injected 
embryo. E) Rescue of the VIIth cranial nerve by coinjection of 5pg HoxB1a RNA together with the miR-10 
siRNA. The normal pattern of VIIth nerve migration into r5/6 is restored.                                                                             
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Retrograde labeling in day 5 embryos also reveals a normal pattern of reticulospinal 
neurons projecting from the hindbrain into the spinal cord (fig.5B). Labeling by the 
secondary motorneuron specific marker islet-1 or VIIth nerve specific tag-1 in situ 
hybridizations shows that the VIIth nerve branchiomotor neurons do not migrate into 
rhombomere 5 and 6 anymore but stay in rhombomere 4 in miR-10 overexpression embryos 
(fig.5C). The pattern of the Vth, IXth and Xth brachiomotor neuron nerves as visualized by 
islet-1 appears normal. To show that the VIIth nerve defect is directly due to targeting of 
HoxB1a by miR-10 and to exclude that it directly affects downstream processes, we rescued 
the miR-10 overexpression by coinjecting 5pg HoxB1a RNA from a construct that does not 
contain any of the target sites. 5 pg  HoxB1a on its own does not induce any phenotype but 
is able to rescue the migration of the VIIth nerve in the miR-10 siRNA coinjected embryos 
(fig.5E). 72 hpf embryos were analyzed for the expression of gcm-2. In miR-10 
overexpression embryos we observe downregulation of gcm-2 (fig.5D) in the brachial arch 
region, as would be expected for embryos with impaired HoxA3a and/or HoxB3a 
expression. (36). These analyses show that miR-10 is able to induce specific phenotypes 
associated with the loss of function of HoxB1a and HoxB3a / HoxA3a genes but not 
HoxB1b. The same analyses in miR-10 morphant embryos show patterns similar to 
wildtype embryos (supplemental fig.3). 
 
Evolutionary conservation of the target sites in the HoxB cluster 
Evolutionary conservation of sequence information is considered a good indicator of 
functionality and is used in microRNA target prediction programs (33) to assign confidence 
levels. We searched the anterior part of the HoxB clusters in Medaka, Three spined 
stickleback, Tetraodon, Takifugu, Xenopus, Opossum, Mouse, Rat, Cow and Human for the 
presence of putative miR-10 bindingsites (seed nucleotide 1-7). In figure 6A the anterior 
parts of the HoxB and HoxBa cluster homologues are shown with indication of the 
identified seed sequences. Clear is the conservation of miR-10 target sites in the 3’UTR and 
coding regions of HoxB3(a) genes; all species investigated have at least 2 target sites 
associated with the ORF or 3’ UTR region.  The sites in the HoxB1(a) show a weaker 
conservation profile and are most prominently present in Zebrafish. All the Teleosts HoxB1 
genes for which sequence information could be found (note that the available HoxBa 
Medaka contig stops 300 nt downstream of HoxB1) posses a miR-10 target site in their 3’  
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UTR. This shows that repression of HoxB3 by miR-10 is probably conserved throughout 
the vertebrates and the interaction with HoxB1 is conserved in Teleosts. 
 
MiR-10 is required for correct branching of the Xth nerve and trunk motorneuron 
migration 
As shown above the loss of function of miR-10 leads to an upregulation of anterior Hox 
genes but information about the phenotypic consequences (i.e. what does miR-10 mean to 
the survival and live of the fishes) has to come from a loss of function approach. Most 
interesting therefore are the phenotypic consequences of the miR-10 knockdown in 
morphant embryos. As mentioned before the phenotypes of both MO 1 and MO 2 injected 
embryos are remarkably normal (fig.3B); embryos and larvae, although slightly delayed, 
seem to develop as controls till at least day 5. Also. analysis by transversal and saggital 
sectioning of 5-8 day old embryos did not reveal any specific differences in morphology 
between miR-10 morphants, overexpression embryos, control morpholino injected embryos 
or wildtypes (data not shown). 
Morphants were subjected to detailed marker analysis with respect to the developmental 
integrity of multiple anatomic structures positioned within the endogenous miR-10 
expression domain. Neural and neuronal structures were investigated using amongst others 
znp-1, zn-5 and acetylated tubulin antibodies. Head and trunk muscles were studied using 
MyoD probe, MF-20 and 12/101 antibodies and the formation of the skeleton was assayed 
using alcian blue and alizarin red staining. No differences from controls were observed in 
neuronal patterns and musculature (data not shown). The formation of the endoskeletal 
disks as assayed by alizarin red and alcian blue at 5-8 day embryos also appeared 
essentially normal (data not shown).  The thyroid, parathyroid an thymus were investigated 
using Nkx 2.1a, thryroglobulin, scl5a5 and rag-1 probes (Alt et al. 2006) but no defects 
were detected (data not shown). 
Using in situ hybridization with islet-1 and immunostaining with anti acetylated tubulin 
antibody the formation and structure of the motorneurons were investigated. The 
motorneuron bodies are located in the hindbrain and spinal cord and have axonal 
projections innervating musculature in the rest of the body. Cranial nerves are the 
motorneurons located in the hindbrain that innervate the face and branchial arches; the Vth 
nerve originating from rhombomere 2 and 3 innervates the mandibular arch (1st arch), the  
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VIIth nerve originating from rhombomere 6 and 7 innervates the hyoid  (2nd arch), the IXth 
nerve from rhombomere 7 the 3rd  arch and the Xth nerve from rhombomere 8 arch 4 to 7 
(38). In the spinal cord, motorneurons develop as spinal ganglia, one per somite, which 
project out of the neural tube and, amongst others, innervate the pectoral fins.  
In 24 and 48 hpf miR-10 knockdown embryos there are no changes in the development of 
the motorneurons as visualized by islet-1 staining and the nerve bodies appear to form 
correctly and migrate to their proper positions in the hindbrain (supplemental fig.3). Also in 
the spinal cord no differences were observed using islet-1 or tag -1 as markers (data not 
shown). Islet-1 is a good marker gene for motorneurons in situ hybridizations but as the 
mRNA is only located in the nerve bodies (and the protein in the nucleus) it cannot be used 
as a marker to obtain a detailed image of the nerve morphology. Immunostaining with anti 
acetylated tubulin antibodies however is a good method to label outgrowing axonal 
structures. In wildtype 72 hr embryos the outgrowing axons of the VIIth, IXth and Xth 
nerves are clearly visible each with a distinct pattern. In miR-10 knockdown embryos there 
are severe disruptions of the morphology of the outgrowing Xth nerve; instead of branching 
and migrating into the 4 posterior pharyngeal arches, the Xth nerve more resembles the 
IXth nerve morphology and has only one or two branches or fails to split at all (fig.7B ). In 
the same larvae where we observe Xth nerve defects, the IXth and Vth nerve still have a 
wildtype morphology. Analysis of the branchial arch skeleton in 5 day embryos by alcian 
blue staining reveals no abnormalities, excluding that the failure of the Xth nerve to split 
and migrate correctly might be due to absence or mispatterning of one of the arches. All 
structures and patterns of cartilage formation appear normal data not shown. 
More posteriorly in the trunk region the formation of the spinal ganglia shows the normal 
segmental pattern (fig.7A). The pattern of migration over the yolk is, however, often 
disturbed and there is more frequent branching and that the axonal projections follow non-
parallel paths. The most frequent and distinct defect observed in the migration of the trunk 
motorneurons is a failure in ~ 80% of the embryos (MO1: 97/124, MO2: 81/107) of the 
spinal ganglion to correctly migrate into the posterior pectoral fin. Instead the axon 
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Figure 6) Conservation of miR-10 targetsites in the HoxB cluster . 
A) The presence of putative miR-10 target sites (seed 1-7 sequence) in the anterior HoxB(a) cluster in all species 
for which relevant sequence information could be retrieved. The target sites are indicated in green and the Hox 
open reading frames in light blue. Conservation groups are indicated with dotted lines. B) Schematic 
representation of miR-10 and target gene expression in the Zebrafish hindbrain. MiR-10 is expressed posterior 
from the rhombomere 6/7 boundary. The target genes HoxB1a and HoxB3a are expressed in a strong domain (dark 
colour) anterior in the anterior hindbrain and in a weaker domain (light colour) in the area where they overlap with 
miR-10. HoxB1a shows a gap in expression in r5 and r6, possibly due to transcriptional repression by Hox-3 genes. 
 
Figure 7) Neuronal defects in miR-10 morphant embryos. 
A) Migration of motorneurons revealed by acetylated tubulin immunostaining in MO2 morphant embryos. The 
migration pattern over the yolk is chaotic compared to non injected controls and migrating neurons end up at 
different positions. B) Defects in 72 hpf embryos in the migration of the Xth cranial nerve revealed by acetylated 
tubulin immunostaining. The Xth nerve fails to split into the 4 branches innervating the posterior branchial arches 




MiR-10 is expressed in the hindbrain and spinal cord posterior from the rhombomere 6/7 
boundary and occupies an axial domain similar to that of Hox-4 paralogue genes. We show 
an interaction between miR-10 and the anterior Hox-B1a and HoxB3a genes. These Hox 
genes have an anterior strong domain of expression in the hindbrain and are expressed at a 
low level in the spinal cord where they overlap with miR-10 expression (fig.6B).  
In Zebrafish, Hox-1 paralogues are present in the HoxAa, HoxBa, HoxBb and HoxCa 
clusters and Hox-3 paralogues genes are present in the HoxAa, HoxBa, HoxCa and HoxDa 
clusters. Of these genes only the HoxA1a, HoxB1a, HoxA3a and HoxB3a genes are possible 
miR-10 targets. The HoxC1a, HoxC3a and HoxD3a genes all do not posses good candidate 
target sites in their vicinity and do not respond to either overexpression or knockdown of 
miR-10. It remains to be seen whether HoxA1a, HoxB1b, and HoxA3a are also true targets; 
HoxA1a, despite not being associated with a clear nearby target site, responds strongly to 
the loss and gain of miR-10. HoxB1b possesses a candidate target site and is upregulated in 
morphant embryos. The fact that the expression levels seem unresponsive to the 
overexpression of miR-10 may be caused by its expression exclusively within the miR-10  
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expression domain; just as we expectit to be the case for HoxB3a, it is possible be that no 
response is triggered because the addition of an experimental surplus of miR-10 does not 
elevate the level of silencing. 
What, however, is pleading strongly against the targeting of HoxB1b is that the 
overexpression of miR-10 does not induce the phenotypic changes as observed in the 
double HoxB1a/ HoxB1b knockdown (35). As there is extensive crossregulation between 
Hox paralogues, it is also possible that the effects observed are a direct result of altered 
levels of HoxB1a RNA. That HoxA3a, which also possesses one candidate target site, is not 
affected does not necessarily mean the gene is not targeted by miR-10. MicroRNAs affect 
target genes by both inhibition of translation and degradation of messengerRNA (19, 34). 
To which extend these processes are coupled and whether translational inhibition is always 
accompanied by an increase in messengerRNA decay is not yet known. It is thus 
theoretically possible that the effect of HoxA3a repression will only be noticeable at the 
protein level.                              
There could be several reasons why miR-10 targets particular Hox-1 and Hox-3 genes and 
not others. One explanation is that there is a high degree of subfunctionalization within the 
paralogues groups as was nicely illustrated for the Zebrafish Hox-1 genes (35). It appeared 
that the functions of HoxB1a, HoxA1a and HoxB1b are only partially interchangeable with 
only HoxB1a and HoxA1a having influence on the position of the VIIth nerve. These 
different abilities to interfere with particular developmental processes also suggest that 
different consequences will be associated with the expression outside their main domains. 
This could create needs for posttranscriptional silencing that differ from paralogue member 
to another. 
The system of Hox regulation is characterized by the phenomenon of posterior prevalence. 
Already early on it was noticed that the knockout of a certain Hox gene in mouse would 
only lead to defects in the anterior most part of its expression domain. It was established 
that there is a certain hierarchy in the functioning of the Hox genes that makes posterior 
genes are always dominant in the determination of a regional phenotype over coexpressed 
anterior genes (2). In this model it is difficult to understand why anterior Hox-1 and 3 genes 
would need to be silenced in posterior domains, as there already should be phenotypic 
suppression by more posterior Hox genes in that region. However, a recent study has placed 
placed this model in a different light. It turned out that knockout of all paralogue 5 or 6  
 58 
                                                                                       MiR-10 targets HoxB1a and HoxB3a  _________________________________________________________________________ 
 
group genes leads to patterning defects throughout the thoracic region and  much more 
posteriorly than expected (41). Based on these results it does not seem impossible that Hox-
1 and Hox-3 genes could influence the phenotype despite coexpression of more posterior 
genes. The existence of the posttranscription; repressive interactions between miR-10/ 
HoxB1a and HoxB3a could in fact be contributing to the posterior dominance effect. 
The inhibition of miR-10 leads to posterior upregulation of the targeted genes. Since 
microRNAs cause downregulation of the target messengerRNA, it has been a frequently 
debated issue whether low or absent levels of target gene expression within the microRNA 
domain reflect an avoidance of expression or that they are a direct consequence of the 
downregulation by the microRNA (40). Inhibition of miR-10 leads to posterior target gene 
upregulation in the case of HoxB1a, HoxA1a and HoxB3a but certainly not to a level as 
found in the dominant anterior expression domain. It thus appears that the restriction to the 
dominant expression domain is occurring primarily at the transcriptional level and that it is 
in a posterior domain with an already low level of transcription where silencing by the 
microRNA occurs. This observation is consistent with the identification of rhombomere 
specific transcriptional Hox enhancers in mouse (41, 42). In the case of the microRNA 
target interactions described in this study it seems that both transcriptional avoidance and a 
direct repression by the microRNA are shaping the mRNA expression domains in the 
embryo. The effects at the transcript level likely reflect an on/off situation at the protein 
level, where all translation is silenced while there is still a significant amount of 
messengerRNA detectable.  
In Zebrafish and Xenopus tropicalis (43) it has been shown that overexpression of let-7 
induces similar phenotypes. We also overexpressed miR-10 in Xenopus laevis. Surprisingly, 
injection of already very small amounts of miR-10 siRNA blocks early cell divisions and is 
completely lethal (< 60 minutes after injection). The possibility therefore exists that miR-10 
functions in a complete different way in Xenopus than in Zebrafish. As has been often 
noticed however (e.g. reference40), the accidental acquisition of a microRNA target site in 
a gene that is naturally never coexpressed with a microRNA in vivo would have no 
influence on the regulation of this gene in normal life or development. We believe that it is 
much more likely that in this case one or more early expressed Xenopus genes contain such 
biological irrelevant target sites.  In the target prediction section of miRBase, where the 
output of the Miranda algorithm (http://microrna.sanger.ac.uk/) is listed, there are 1969  
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predicted target genes for Zebrafish miR-10. With respect to the number of predicted target 
genes, miR-10 scores second, only outnumbered by let-7 which has 2016 targets, while the 
average number of predicted targets  for a microRNA in Zebrafish is 783. The high number 
of targets seems incompatible with the weak and very specific phenotypic defects observed 
in the miR-10 overexpression embryos, which are virtually indistinguishable from 
wildtypes, besides the VIIth nerve defect and altered gcm-2 expression. Absence of further 
severe developmental defects is further corroborated by a preliminary micro-array 
experiment where virtually no genes differ in expression levels upon overexpression of 
miR-10. These data strongly suggests, that, at least for miR-10, there is a very high 
component of false positives in the outcome of target prediction algorithms. 
As a specific phenotype in morphant embryos we do consistently observe defects in 
neuronal migration of the Xth nerve and of the motorneurons innervating the pectoral fins 
(supplementary fig.4). In miR-10 knockdown embryos there are severe disruptions of the 
morphology of the outgrowing Xth nerve; instead of branching and migrating into the 4 
posterior pharyngeal arches the Xth nerve more resembles the IXth nerve morphology and 
has only one or two branches or fails to split at all (fig.7B). In the same larvae where we 
observe Xth nerve defects, the IXth and Vth nerve still have a wildtype morphology. 
Analysis of the branchial arch skeleton in 5 day embryos by alcian blue staining reveals no 
abnormalities excluding that the failure of the Xth nerve to split and migrate correctly 
might be due to absence or mispatterning of one of the arches. All structures and patterns of 
cartilage formation appear normal (data not shown).  
More posteriorly in the trunk region the spinal ganglia are present in the normal segmental 
pattern. The pattern of migration over the yolk is however disturbed, as there is more 
frequent branching and that the axonal projections follow non-parallel paths (fig.7A). The 
relation of these phenotypes to the derepression of anterior Hox genes in the morphant 
embryos is however unclear; overexpression of HoxB1a, HoxA1a, HoxB3a or HoxA3a does 
not result in defects as observed in miR-10 morphants (data not shown). We have also 
performed double knockdown of miR-10 with either  HoxB1a, HoxB3a or HoxA3a which 
did not rescue the neuronal migration defects. These experiments are however not very 
reliable, as the overexpression of Hox gene induces very severe early phenotypes (as for 
instance in fig.2D). To be able to analyze late stage developmental anatomy, like the 
morphology of the cranial nerves, lower RNA concentrations have to be used to avoid all  
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too heavy early effects.  These doses, however, may simply not have sufficient impact to 
mimic the endogenous levels at these late stage developmental events. Unfortunately there  
is no good inducible system available in Zebrafish, enabling the timed overexpression of 
these genes. In case of a rescue by knockdown of target genes it may be necessary to knock 
all of them down at once; a complicated experiment due to nonspecific toxicity of high 
doses of morpholinos. Another explanation of course is that these phenotypic defects in the  
morphants are unrelated to the loss of repression on the anterior Hox genes and that they 
are induced by other target genes. Nevertheless, these phenotypes represent the first 
physical consequences reported for the loss of a Hox related microRNA. 
The Hox genes are involved in specifying regional morphology in the axial skeleton where 
they define different types of vertebrae according to the so called ‘Hox code’ (44, 45). As 
the differences in vertebral development only become clear at the end of the larval stage in 
Zebrafish (about 1 month after fertilization) (46) we have not been able to investigate a 
possible involvement of miR-10 in the mesodermal Hox code which is also a candidate 
place of action. 
 
 
Material & Methods 
 
Zebrafish husbandry and embryo culturing 
An AB x TL strain of Zebrafish was used; housing and embryo collection was according to 
standard procedures; embryos were cultured at 28C. 
 
RT-PCR 
Whole embryo RNA was isolated using Tri-pure (Roche) and reverse transcribed using 
MuMlv Reverse transcriptase (Roche) using oligo-dT N=18. Primer sequences;  
miR-10c up; (AGCTGGCTTTCTCAATACC),  
miR-10c down; (TACATACTCCCCTAGATACGAA),  
HoxB4a exon1 up; (ATGGCCATGAGTTCCTATTTG ), 
HoxB4a exon1 down; (TTGGTTCACCCCCTGAATAG), 
HoxB4a exon1 5’down; (TTGTGGGTAGAACGTGACCTC). DNA oligos were obtained 
from Biolegio, Malden, the Netherlands. 
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Micro-injection 
Embryos were injected with 1 or 2 nl at the one cell stage; RNAse free phenol red was 
added as tracer to injection mixes prior to injections.                                                                                  
Morpholinos were obtained from genetools, OR, USA; miR-10 morpholino 1 corresponds 
to a mix of miR-10a (CACAAATTCGGATCTACAGGGTA) and miR-10b 
(CACAAATTCGGTTCTACAGGGTA) antisense morpholino, the sequence of miR-10 
morpholino 2 is (TCTACAGGGTATATATAGACGAC). 
   
RNA oligos were obtained from Biolegio, Malden, The Netherlands. The miR-10 siRNA 
sense strand corresponds to miR-10a (UACCCUGUAGAUCCGAAUUUGUGUG) and 
miR-10b (UACCCUGUAGAACCGAAUUUGUGUG) and the sequence of the antisense 
strand is (CACAAAUUCGGAUCUACAGGGGCAU). Note that the antisense sequence 
has mismatches with the miR-10 sense strand at its 3’ end resulting in the specific 
incorporation of the sense miR-10 strand in the microRNA silencing complex. Oligos were 
annealed to siRNAs by gradually cooling from 98C to 20C in buffer in 500ml H2O beaker 
glass; 30ul 50µM of each oligo, 15ul annealing buffer (50mM Tris, pH 7.8, 100mM NaCl 
RNAse free) in 75 ul, final concentration of siRNA is 20µM.  
RNA for injection was transcribed using Ambion Sp6 message machine kit and purified 
using an RNA easy column (Qiagen), from the CS2+ plasmids; CS2+HoxB1a sensor wt, 
CS2+HoxB1a sensor mut, CS2+HoxB3a sensor wt, CS2+ HoxB3a sensor mut, CS2+Dre-
HoxB3a ORF, CS2+Xl-HoxB4-Myc, CS2+E-YFP, CS2+E-CFP. 
 
In situ Hybridization 
In situ hybridization was performed according to standard procedures. Hybridization 
temperatures were 65C for normal probes and 56C for LNA probes. In double in situ 
hybridizations with a LNA probe 56C was used. In double in situ hybridization DIG and 
fluorescein labeled probes were used. Embryos were stained using BM-Purple (Roche) and 
Fast Red (Roche). Probes were synthesized using T7 and Sp6 polymerase (Roche) in the 
presence of labeled nucleotides (RNA DIG or fluorescein labeling mix, Roche) from 
pGEM-TE plasmids containing: HoxB1a and HoxB3a-HoxB8a exon 1 coding sequence, 
HoxB2a exon 2/3’UTR , HoxB1b exon1/2 coding sequence; HoxB3a splv2 was synthesized 
from PCR product from a partial cDNA cloned in pGEM-TE. 
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LNA probes were obtained from Exiqon, Denmark and sequences are:  
miR-10a ;(CACAAATTCGGATCTACAGGGTA),  
miR-10b ;(ACAAATTCGGTTCTACAGGGTA),  
miR-10c ;(CACAAATCCGGATCTACAGGGTA),  
miR-10d ;(ACACATTCGGTTCTACAGGGTA).  
Our step by step in situ protocol is available on request. 
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Supplementary figure 1) Expression of HoxB3a exon1 and HoxB3a sensor. 
A) HoxB3a coding region and 3’ UTR. Probe regions exon1 and sensor are indicated and expression of HoxB3a 
exon1 and HoxB3a sensor in 24 hpf embryos.  B) Response of HoxB3a sensor to miR-10 siRNA injection in 24 
hpf embryos. A similar down regulation is observed as for HoxB3a exon 1. 
 
 
Supplementary figure 2) Expression of HoxB3a with miR-10a, miR-10b, miR-10c and miR-10d. 
Expression of HoxB3a exon 1 (red) and LNA probes for all 4 Zebrafish miR-10 isoforms.  All miR-10 isoforms are 
expressed more posterior than the r5/6 domain of HoxB3a. MiR-10b and miR-10d seem to be expressed slightly 
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Supplementary figure 3) Patterns of primary and secondary hindbrain motorneurons in miR-10 
overexpression and morphant embryos. 
Collumn 1; wildtype, column 2; morpholino 1 injected, column 3; morpholino 2 injected, column 4; miR-10 
siRNA injected (also shown in main figure 5)  
A) 3A10 immunolabeling. Mauthner neurons are present in morphant and overexpression embryos and are 
indistinguishable from wildtype embryos. B) Confocal images of hindbrains of 5 day old retrograde labeled 
embryos. No differences are observed between non injected, morphant or overexpression embryos. C) Flatmounts 
of 30 hpf embryos in situ hybridized with islet-1. Patterns of brachiomotorneurons are indicated. Note the failure 
of the VIIth cranial nerve to migrate into r 5/6 as shown before. The motorneuron patterns in the morphant 
embryos are like wildtypes. D) Sideview of 48 hpf embryos stained with islet-1. In miR-10 siRNA injected 
embryos the VIIth nerve is located near the Vth nerve and there is a large gap between the VIIth and the IXth 









                                                
MiR-10c acts as an autoregulatory microRNA 
on HoxB3a 
 





In Zebrafish the miR-10 micoRNAs target the more anterior HoxB1a and HoxB3a genes. 
The HoxBa cluster has a complex transcription profile including long range and 
polycistronic transcription. We show that miR-10c which is located on a polycistronic 
transcript together with HoxB5a, HoxB4a and HoxB3a also targets the specific HoxB3a 
splice isoforms produced from this transcript. The locus therefore encodes an essentially 
autoregulatory transcription unit containing both a microRNA and a target gene. This is of 
interest because this HoxB3a splice isoform has an expression pattern that falls completely 
within the miR-10c expression domain. Since the gene is downregulated by miR-10 within 
its entire expression domain a function for the transcription of this specific splice isoforms 
is difficult to envisage. For the Hox related miR-196 microRNAs we identify polycistronic 
transcripts that contain both the microRNA and a target gene; these loci can therefore also 
act in an autoregulatory fashion. We present evidence for a link between clustering and 
posttranscriptional gene regulation. We suggest that clustering of the genes places 
constraints on the Hox regulatory system and explains why posttranscriptional silencing of 











The Hox genes encode a family of conserved homeodomain transcription factors and are 
the main genes responsible for patterning the embryonic anterior-posterior axis.  
The genes find their evolutionary origin in cis-duplications of a single ancestral gene (1) 
and the clustered configuration of the Hox genes that was thus created has been preserved 
in vertebrates and many other metazoans till the present day. 
Hox genes are expressed along the main body axis in a sequential fashion and the order in 
which they are expressed corresponds to their sequence within a Hox cluster; the more 3’ in 
the cluster a gene is located the more anterior its expression domain. This phenomenon is 
commonly referred to as ‘spatial colinearity’. The genes have sharply defined anterior 
boundaries of expression but their posterior boundaries are in general less clear and overlap 
with the expression of more posterior genes.  
Apart from the Hox coding genes the miR-10, miR-196 and miR-615 microRNA gene 
families are present within the vertebrate Hox clusters (2, 3, 4). MicroRNAs are small (~22 
nt) non-coding RNAs which are produced from stemloop containing precursor transcripts 
through processing by the RNAse III enzymes Dicer  (5) and Drosha (6). In Zebrafish, a 
germline Dicer mutant has revealed an important function for microRNAs in the 
coordination of normal embryonic development (7, 8).  
MicroRNAs function in post-transcriptional gene silencing by binding to imperfect target 
sites in messengerRNA and thereby induce translational inhibition and messengerRNA 
destabilization (9, 10). Specificity of recognition is determined by nucleotide 2-7 of the 
microRNA, called the seed, which needs a perfect match with the target site to allow 
interaction. Point mutations in the seed sequence in either microRNA or target mRNA 
sequence will abolish the interaction and prevent silencing.  
 
In the Hox clusters, miR-10 is closely associated with the position of the Hox-4 paralogue 
members, miR-196 is located between Hox-9 and Hox-10 paralogues group genes and the 
more recently cloned miR-615 is located in the HoxC5 intron in mammals but appears to be 
absent from Teleosts and Xenopus tropicalis and may therefore be restricted to either 
mammals or amniotes (JMW & AJD Blast results, data not shown). 
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Recent functional studies also have identified HoxA7 and Hox-8 paralogous genes as targets 
of miR-196 (11, 12, 13) and in chicken the interaction with HoxB8 has been implicated in 
the mechanism that abolishes the competence of posterior lateral plate mesoderm for limb 
induction by Retinoic acid (13). In Drosophila a conserved interaction has been shown for 
the miR-196 homologue IAB-4 which turns out to target the Ubx Hox gene (14).  
MiR-10 microRNAs are expressed in the posterior hindbrain and spinal cord with their 
anterior boundaries at rhombomere 6/7 (chapter 3, this thesis). We have recently shown that 
in Zebrafish miR-10 targets the anterior HoxB1a and HoxB3a genes and that it is involved 
in the proper migration of the Xth nerve axons into the posterior branchial arches (chapter 
3, this thesis). 
The anterior Hox genes HoxB1a and HoxB3a that we identified as miR-10 targets have a 
dominant anterior domain of expression in which they have known selector functions and a 
much weaker posterior domain where their action is blocked by the miR-10 microRNA. 
The restriction of the high level anterior domain appears to be primarily regulated at the 
transcriptional level. But why then do these genes have a presumably a-functional weak 
posterior domain of expression and is repression in this domain regulated at the 
posttranscriptional rather than at the transcriptional level?  
As with the majority of microRNA/target interactions there is yet no satisfactory 
explanation why in the case of the Hox clusters mechanisms of posttranscriptional 
regulation have arisen rather than arranging things similarly by transcriptional regulation.  
A possible answer to this question may lie in the complexity of the Hox expression patterns 
which is reflected by the presence of extensive control mechanisms involving multiple 
global and local transcriptional elements. The high selective pressure to maintain the 
clustered genomic organization of vertebrate Hox genes results from the presence of global 
enhancers located outside the clusters and from dependence on sharing of local enhancers 
(15). As a result the Hox clusters consist of closely spaced transcription units and enhancer 
regions. The high density of transcription units could easily cause them to interfere with 
one another and make the system prone to inappropriate enhancer sharing, leading to 
ectopic expression. The silencing of nearby genes may suggest that the clustering of the 
Hox genes places constraints on the level of transcriptional control that can be achieved 
within the locus and requires the involvement of posttranscriptional gene silencing to 
appropriately define functional domains of gene activity. The posterior expression  
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domains of the anterior Hox genes could well be a consequence imposed on the 
transcriptional process by the clustered nature of the genes and do not necessarily serve any 
function. We suggest that an inability to separate the transcriptional controls of several Hox 
genes is at the basis of the post-transcriptional gene silencing relationships within the Hox 
clusters. Here we will investigate this issue further by looking more closely at some aspects 




The HoxB3a splv 2 primary transcription unit is an autoregulatory locus 
An interesting aspect of the Hox clusters is the existence of long range polycistronic 
transcription where multiple Hox genes are transcribed on one primary transcipt. One 
example is in the human HoxC cluster (16) and another is in the Zebrafish HoxBa cluster 
(17), but this phenomenon seems to be much more widespread. The Zebrafish HoxBa 
cluster transcript contains both the miR-10c microRNA and HoxB3a splv2 which is 
interesting since our previous data indicate an interaction between these two genes. The 
zebrafish polycistronic transcript starts just 3’ of HoxB5a, takes two exons 3’ of HoxB4a, 
and is fused to the main HoxB3a open reading frame (fig.3a). This long transcript contains 
both a target gene (HoxB3a) and a microRNA (miR-10c).  
In situ hybridization with a 5’ UTR probe shows that its expression obeys spatial 
colinearity, corresponding to its transcriptional start site (i.e. expression similar to HoxB5a) 
(fig.3b and reference 18 ) and that it is expressed more posteriorly than the main HoxB3a 
expression domain. The shared expression patterns are consistent with the fact that the 
primary HoxB3a splv2 transcript overlaps with the miR-10c microRNA.  
This transcript at least contains the full HoxB3a open reading frame including the 3 miR-10 
target sites previously reported in chapter 3. Morpholino knockdown of the microRNA as 
described in chapter 3 leads to its upregulation (fig.3c) showing that the transcript is indeed 
targeted by miR-10 in vivo.  
The combination of this expression pattern with the fact that the transcript is a miR-10 
target indicates a paradoxical situation; an ORF containing transcript targeted by a 
microRNA is exclusively expressed within the domain of this microRNA itself. Although  
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the transcript contains an ORF, it is probably never translated in vivo and it is also not 
meant to be translated. Of course this observation inevitably raises the question as to what 
could be the raison d’être of this transcript in the first place. One possible explanation is 
that this transcript has no function at all and that its existence, as would be the case for the 
inappropriate enhancer sharing, is simply an obligate consequence of the clustered nature of 
the Hox genes.  
 
Polycistronic transcripts containing both miR-196 and target Hox genes 
Strikingly we find that miR-10 targets the HoxB3a splv2 transcript while the primary 
unspliced RNA for this transcript contains the sequences for both the HoxB3a splv2 
transcript and the miR-10c microRNA. The fact that this transcript is targeted by miR-10 
means that the microRNA is in fact autoregulatory. These findings prompted us to search 
for other microRNA target pairs. The more posterior Hox-9 associated microRNA miR-196 
has in multiple species been shown to target HoxA7, HoxB8, HoxC8 and HoxD8 (11, 12, 
13). Inspection in the human genome Ensembl assembly of the transcription profile 
associated with the genomic region surrounding the miR-196 genes reveals the presence of 
ESTs spanning the region of  miR-196a-1 to HoxB7 and miR-196a-2 to HoxC6 (fig.4e). 
These primary transcripts contain both the miR-196 microRNA and the targeted HoxB8 and 
HoxC8 genes. 
An apparent question in the case of these polycistronic transcripts containing both a target 
gene and a microRNA is what the reason could be for including both on the same 
transcript; since the target genes are actively repressed by the accompanying microRNA. 
Wherever this combination is transcribed they could as well have been omitted from the 
transcript. 
 
We interpret the existence of these apparently ‘non-functional’ transcription combinations 
in the light of the above stated considerations, leading to the conclusion that not all 
transcripts in the Hox cluster necessarily do serve a function and that some transcripts may 









Figure 1) a) Schematic representation of the transcript structure of HoxB3a splv2 with ‘posterior’ exons indicated 
in orange. b) Double in situ hybridization using HoxB3a exon 1 coding sequence probe (red) and a probe derived 
from the ‘posterior’ exons (marked orange in fig.4a) of HoxB3a splv2 (purple). NB despite similar length of the 
two probes the exon 1 probe gives a much stronger signal (~4 hr staining time shown with Fast Red substrate 
which would equal about 2 hr staining with BM-purple) compared to the ‘posterior’ exons probe (staining with 
BM-purple overnight) indicating a much higher level of transcript presence in the anterior domain of HoxB3a.  
c) Response of HoxB3a splv2 to inhibition of miR-10, in injections with both morpholinos the signal for the 5 
‘exons’ is upregulated. Embryos were stained equally long and stopped before signal saturation could be reached. 
d) Polycistronic transcription comprising both human miR-196 and targeted Hox-8 genes.   
 
Hox related microRNA genes are absent from species that have lost Hox gene clustering 
In vertebrates and Drosophila the Hox genes have stayed clustered throughout evolution 
while in Ciona the Hox clusters have broken up and are present in separate regions of the 
genome. If the selective forces maintaining the microRNAs within the Hox clusters indeed 
result from genomic clustering the microRNA genes would be expected to be absent from 
these species. The genomic databases at the NCBI and Ensembl were searched with the 
miR-10 and miR-196 sequences. Both microRNAs were found in all vertebrates and 
arthropods (here IAB-4 replaces miR-196) and miR-10 also in Sea urchin 
(Strongylocentrotus purpureus) and amphioxus (Branchiostoma floridae). Both 
microRNAs are however absent from Ciona intestinalis and Ciona savignyi. These  
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observations provide in the case of the Hox clusters a phylogenetic link between 




In general it is poorly understood why under some circumstances mechanisms of 
posttranscriptional gene regulation have evolved instead of arranging things similarly at the 
transcriptional level. In the case of the miR-10/Hox interaction it is striking that a transcript 
targeted by miR-10 is restricted to the miR-10 expression domain itself, raising the question 
why transcription of this gene has not simply been shut off. In the case of the miR-10c/ 
HoxB3a splv2, miR-196a-1/HoxB8 and miR-196a-2/HoxC8 interactions there are 
polycistronic transcripts containing both the microRNA and the target gene. This situation 
is counterintuitive in the sense that one wonders why the target gene is not simply omitted 
from the transcript since it is silenced by the accompanying microRNA anyway. 
 
Both miR-196 and miR-10 target anterior Hox genes located within a remarkably close 
genomic proximity; miR-10 is ~25 kb from the target sites in HoxB3a and ~48 kb from 
HoxB1a and in human miR-196is  ~18 kb from HoxB8 and HoxC8 and ~14 kb from HoxA7. 
It appears that the Hox related microRNAs function to repress the activity of nearby 
anterior genes when they are expressed in posterior domains. Our observations with respect 
to the short genomic distances involved, the occurrence of polycistronic transcripts 
containing both the microRNA and the target genes and the phylogenetic comparison, all 
strongly suggest that at these short genomic distances it may not be possible to accurately 
separate transcriptional controls and transcription units. We suggest that the involvement of 
‘autoregulatory’ gene silencing basically arises from a conflict between the need for well 
defined Hox expression zones and a clustered genomic context. It would be interesting to 
see whether it is possible to extrapolate these observations to other microRNA /(predicted) 
target pairs and see if similar constraints can be identified that can account for the 
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Material and Methods 
 
In situ hybridization, morpholino injections and embryo manipulations were performed as 
described in chapter 3. HoxB3a splv2 was synthesized from PCR product from a partial 
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Chapter 5  
 
Shifts in axial patterning in snake and caecilian 
embryos 
 
Joost M. Woltering, Freek J. Vonk, Hendrik Müller, Antony J. Durston  




The macro evolutionary morphological transition into a ‘snake-like’ elongated bodyplan 
has occurred numerous times during vertebrate history and is a typical example of recurrent 
convergent evolution. Compared to the ancestral condition, elongated species show an 
expansion of thoracic vertebral identity along the axis and have lost or severely reduced 
their limbs. We have investigated the expression of Hox genes in two lineages with 
independent acquisition of this bodyform: an amniote snake (Elaphe guttata) and an 
anamniote caecilian (Ichthyophis cf. kohtaoensis). In both species we find strong 
deregionalization of the posterior expression boundaries of thoracic Hox genes but 
encounter an unexpected degree of spatial collinear regionalization at the rostral end of the 
axis. We show that genes from the HoxB and not the HoxC cluster provide a cervical 
overpattern in the snake. In the post thoracic region in Elaphe guttata the expression of 
HoxC13 corresponds to the anterior limit of the caudal region and HoxC11 is undetectable 
in the somitic mesoderm, which is consistent with the absence of real sacral vertebrae. The 
expression of the rib suppressing HoxB9 and HoxC10 genes violates the traditional Hox 
code, as both genes are expressed within the thoracic region. We show that at the molecular 
level there is a higher degree of body axis regionalization than previously anticipated and 









As an adaptation to a burrowing and crawling lifestyle the transformation into an elongated 
‘snake-like’ body plan has occurred repeatedly during vertebrate evolution (Carroll 1988). 
In extant Tetrapods (land animals) there are at least 7 lineages in which this transition has 
occurred independently and therefore it is one of the most striking recurrent modifications 
in the vertebrate bodyplan (Caldwell 2003). In extant taxa this type of body form is 
encountered within the amniote reptiles (snakes, amphisbaenians, anguidae, lialis and 
acontias) and an-amniote amphibians (caecilians and the urodele amphiuma and siren 
species). The transition from a short to a long body shape is accompanied by drastic 
changes in the morphology of the axial skeleton, including a relative extension of the rib 
carrying middle body segment and disappearance or reduction of limb, shoulder girdle and 
pelvic structures. The extension of the thorax goes accompanied by loss or reduction of 
lumbar, sacral and identifiable cervical regions. Because of its uniformity, the lack of 
landmark structures like limbs and pelvis and the absence of the typical tetrapod 
subdivision of the pre-caudal skeletal organization, this type of body form is often 
described as being ‘deregionalized’. The basis for the extension of the body is created 
during embryonic development by prolonged growth and the formation of additional 
somites (Richardson et al. 1998), but on its own this mechanism gives no explanation for 
the proportional changes in the territories occupied by different anatomical structures. The 
key genes determining regional identity along the anterior-posterior (AP) axis of the trunk 
are the group of Hox genes (Pearson et al. 2005). Expression zones of this gene family 
correlate similarly with anatomical progressions in different species and experimental 
interference with proper Hox functioning can induce the transformation of body segments 
into structures normally associated with different positions along the AP-axis. The Hox 
genes comprise a family of conserved clustered homeodomain transcription factor genes 
that in mammals comprises 39 genes organized in 4 clusters. The Hox genes are expressed 
in an orderly fashion along the anterior-posterior axis of the trunk in a sequence that 
corresponds to their genomic positions in the cluster (something in general referred to as 
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have often been proposed as the relevant genes in macro evolutionary changes of the 
bodyplan. In vertebrates one of the best examples of a clear correlation between Hox 
expression and vertebral anatomy is that the anterior boundary of expression of HoxC6 
coincides with the cervical/thoracic transition in mouse, chicken, frog and Zebrafish, 
although the vertebra number at which this transition occurs differs greatly between these 
species (Burke et al. 1995). With respect to extreme deviations of the bodyplan the 
expression of 3 Hox genes has been studied using antibodies in Python embryos (Cohn and 
Tickle 1999). An anterior and posterior expansion of HoxB5, HoxC6 and HoxC8 expression 
domains in both paraxial and lateral plate mesoderm was reported which, according to the 
authors, could account for both limb loss and a homogenized thorax identity along the axis. 
It thus appears that the Hox genes play an important role in the macro-evolutionary 
modifications associated with body elongation. It was suggested that in pythons the 
ancestral neck region was overpatterned by posterior Hox genes and that the positional 
information for the formation of anterior limb buds was lost due to overpatterning by the 
posterior HoxC8 gene. In their paper Cohn and Tickle suggest that the expression of Hox 
genes shows a similar loss of regionalization as the snake trunk. An important question in 
developmental evolutionary biology is whether in case of convergent evolution similar or 
different genetic mechanisms have been employed to give a certain phenotype. We 
investigated the axial pattern in the corn snake (Elaphe guttata) and caecilian (Ichtyophis cf 
kohtaoensis) embryos, two species from opposite ends of the Tetrapod group, in which this 
type of bodyform is found. Snakes are reptile species (amniotes) and caecilians are 
amphibians (an-amniotes). Both species independently acquired the same elongated body 
type with an expanded thorax, despite sharing a last common ancestor at the end of the 
Devonian. From the fossil record we know that caecilians developed from limbed species 
like Eocaeilia and Rhynchonkos (in Caldwell 2003), salamander like creatures with 
extremely short necks and extended pre-caudal region. The most likely ancestors of snakes 
are varanoid animals like Adriosaurus and Dolichosausus (Caldwell 2003, Palci and 
Caldwell 2007), species with relatively long necks (10-19 cervicals), extended thoraxes, 
reduced forelimbs but relatively normal hindlimbs. The caecilian ancestors already 
possessed a very anteriorly localized thorax with hardly any cervical region present. In 
order to develop an anteriorly deregionalized axial skeleton snakes first had to ‘overpattern’  
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a longer cervical region converting it into thorax. Each species thus developed a 
deregionalized pattern from a different ancestral starting point. 
We investigated the expression of several Hox genes in Elaphe guttata and to a lesser 
extend Ichtyophis cf kohtaoensis and related their expression to axial morphological 
features.  
 
Results and discussion  
 
Elaphe guttata axial formula  
We determined the axial formula of Elaphe guttata in an alcian blue stained embryo (fig.1). 
Elaphe guttata has a total of 308 vertebrae of which 3 cervical (atlas, axis and C3), 231 
thoracic, 4 cloacal and 70 caudal. There are no rudiments present of shoulder girdle bones, 
forlimbs, hindlimbs, sternum, sacrum or pelvis. The thoracic region ends near the cloaca 
where it is replaced by cloacal type vertebrae which are characterized by distally forked 
ribs (lymphapophyses). There is no identifiable lumbar region and all pre-caudal vertebrae 
are rib carrying. In comparison to species with a ‘normal’ build the thoracic region seems 
expanded at the expense of lumbar, cervical and sacral regions. To investigate the 
accompanying changes in patterning at a molecular level we cloned a panel of Hox genes.  
Using PCR with primers matching conserved sequences identified by multiple alignments 
of chicken, Xenopus and lizard (Anolis carolinesis) sequences, we cloned Elaphe probes for 
HoxA3, HoxB4, HoxC5, HoxC6, HoxB7, HoxB8, HoxC8, HoxB9, HoxC10, HoxC11 and 
HoxC13. We did in situ hybridization on embryos fixed on day 2 after ovo positioning  
(~ 250-280) somites with the purpose of determining the anterior and posterior expression 
boundaries of these genes. We also investigated the expression of the Hox-4 and Hox-9 
associated microRNAs miR-10a and miR-196a using LNA in situ hybridization. Although 
the functions of these microRNAs are still largely unclear, their expression is collinear with 
their position in the Hox clusters and they are therefore good indicators of axial position. 
An additional advantage is that the sequences of the microRNAs are in general 100% 
conserved among vertebrates precluding the need to identify species specific sequences. 
The results are shown in figure 2 and are discussed below per anatomical region.  
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Figure 1) Axial formula in Elaphe guttata.  
Whole mount alcian blue stained embryonal skeleton of Elaphe guttata. Indicated are the position of the skull  
(sb), atlas (at), axis (ax), third cervical vertebra (C3), first thoracic vertebra (T1), hyoid, first cloacal vertebra 
(CL1) and first caudal vertebra (CD). Every 10th  vertebra is marked with an asterisk. There are in total 308 





Chapter 5 _________________________________________________________________________ 
 
Cervical  
As marker for the cervical region we used HoxA3, HoxB4 and HoxC5, all of which have an 
anterior expression boundary in the neck region (Burke et al. 1995). HoxA3 is involved in 
atlas specification in mice (Manley and Capecchi 1997). HoxB4 is expressed with an 
anterior boundary in C2 and C3 in mouse and chicken respectively (Burke et al. 1995). 
Overexpression of HoxD4 leads to the transformation of the occipital bones into cervical 
vertebrae (Lufkin et al. 1992) and compound knockout of Hox-4 genes leads to anterior 
transformations from C2 to C5 (Horan et al. 1995). In mouse and chicken the anterior 
boundary of HoxC5 expression is localized in the second last cervical vertebra and 
knockout of all 5 group paralogues genes leads to patterning defects in the thorax and 
cervical region (McIntyre et al. 2007).  
In Elaphe guttata, HoxA3 is expressed throughout the trunk mesoderm and neurectoderm. 
The anterior boundary in the neurectoderm is located just behind the otic vesicle and 
corresponds to rhombomere 5. In the somitic mesoderm the anterior boundary corresponds 
to somite 5/6, which corresponds to the presumptive atlas. HoxB4 is expressed slightly 
more posterior than HoxA3 in both neurectoderm and mesoderm. In the mesoderm it is 
expressed with an anterior boundary in somite 7/8, coinciding with the position of the third
 
cervical vertebra. HoxB4 is also strongly expressed in the anterior somatopleure and in the 
rest of the lateral plate mesoderm. Posteriorly it is expressed throughout the trunk somites 
but is absent from the tailbud. HoxC5 has an anterior expression limit within somite 11/12 
and is expressed throughout the whole length of the posterior trunk.  
 
Thoracic  
In mouse and chicken HoxC6, HoxB7, HoxB8 and HoxC8 are all expressed with an anterior 
boundary within the thorax (Burke et al. 1995, van den Akker et al. 2001). HoxC6 has been 
described as an evolutionary stable marker for the cervical/thoracic transition in all 
vertebrates (Burke et al. 1995). Complete knockout of all Hox-6, 7 or 8 paralogue members 
leads to patterning defects in the thorax (van den Akker et al. 2001, Chen et al.1998, 
Mcintyre et al. 2007). The effects of these mutants are rather mild though in a sense that 
none of the mutants for any thoracically expressed paralogues group results in a total 
absence of ribs or leads to a clear homeotic transformation into another type of vertebra 
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(Wellik 2007). Possibly rib development is thus redundantly directed by multiple Hox 
paralogue groups or even partially Hox independent. HoxC6 till now is the only gene shown 
to induce the formation of ectopic ribs in overexpression experiments (Jegalian and De 
Robertis1992). In Elaphe guttata the expression of HoxC6 is surprising as it has a gradual 
anterior limit expression within the thoracic region between somite 19 and 40. This is 
different from its reported expression in python embryos based on immunostaining (Cohn 
and Tickle 1998) and also breaks with its position as marker for the cervical/thoracic 
transition. HoxB7 is expressed with an anterior boundary in somite 10/11 and HoxB8 in 
somite 11/12 corresponding to T2 and T3 respectively. HoxB8 is also strongly expressed in 
the somatopleure up till the same somitic level. HoxC8 has an anterior boundary of 
expression, much more posteriorly than expected, around somite 50, while this gene too 
was reported to be expressed up to the most anterior somites in Python embryos (Cohn and 
Tickle 1998).  
 
Post thoracic 
 In most mammals and other animals with a ‘standard bodyplan’ there are clearly defined 
lumbar, sacral and caudal regions. The lumbar region is the pre-sacral region without ribs. 
The sacral region is where the vertebrae fuse to give rise to the sacrum and this is also the 
place where the pelvis and the hindlimbs are positioned. The caudal region is the posterior 
most region comprising the tail vertebrae. The snake possesses only a caudal region. 
HoxB9, HoxC10, HoxC11 and HoxC13 all have anterior expression limits and functions 
posterior of the thoracic region. HoxB9 is expressed at the thoracic/ lumbar transition 
(Burke et al. 1995) and multiple knockout of all Hox-9 paralogue genes results in induction 
of ectopic ribs on the first 4 lumbar vertebrae (McIntyre et al. 2007). HoxC10 is expressed 
in the somites on the lumbar sacral transition (Burke et al. 1995) and has been shown to 
suppress rib formation in the lumbar region in mouse. Mice in which all Hox-10 paralogues 
hae been mutated, develop ribs on all lumbar vertebrae (Wellik and Capecchi 2003). 
Overexpression of HoxA10 in the presomitic mesoderm results in the reverse phenotype of 
completely ribless mice (Carapuco et al. 2005). HoxC11 is expressed in the sacral region 
(Burke et al. 1995) and knockout of all Hox-11 paralogue group genes leads to complete 
absence of sacral vertebrae (Wellik and Capecchi 2003). Overexpression of HoxA11 in the  
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Figure 2) Hox expression in Elaphe guttata. 
 Hox expression patterns in 2 day Elaphe guttata embryos. Approxiate somitic boundaries of expression are 
marked. In HoxC10 the expression in the pronephric vesicles (pv) is up till somite 136. C; cloaca, K; kidney, sp; 
somatopleure. 
 
presomitic mesoderm causes sacralisation of lumbar vertebrae (Carapuco et al. 2005). 
HoxC13 is expressed in the caudal region (Burke et al. 1995, Godwin and Capecchi 1998)  
and HoxB13 has been associated with growth and axial extension (Economides et al. 2003) 
as HoxB13 knockout mice have 2 additional caudal vertebrae. Hox-13 paralogue group 
genes could thus possibly be involved in the termination of axial elongation.  
In Elaphe guttata we find that HoxB9 has an anterior boundary located at least anterior of 
somite 49, well within the thoracic part of the body. HoxC10 is expressed with an anterior 
boundary between somite 220 and 230, at the end of the thorax. Interestingly its expression 
in the pronephric vesicles is much more anterior around somite level 136.  
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HoxC11 expression is detected very strongly in the developing kidney and in the tailbud but 
is not detected at all in the somitic mesoderm. HoxC13 is expressed with a sharp boundary 
around somite 240 at the level of the cloaca and shows a clear correlation with the 
transition into caudal vertebrae.  
With respect to the shifts in regional identity we can conclude that the variety in expression 
limits is more diverse than expected on the basis of a deregionalization model as proposed 
by Cohn and Tickle. HoxA3 and HoxB4 have boundaries inside the cervical region as 
expected on basis of their expression in mouse and chicken. In the thorax the expression of 
HoxB7 and HoxB8 has an anterior boundary in somite 10/11 and 11/12, corresponding to 
the 3rd and 4th thoracic vertebrae respectively. The expression of HoxC6 and HoxC8 is 
much more posteriorly though with expression boundaries at 1/5 of the thorax. Both the 
genes from the HoxB and HoxC cluster investigated show a clear spatial collinear pattern.  
The expression of the lumbar genes HoxB9 and HoxC10 is completely unexpected. 
Whereas in the mouse the expression of Hox-9 genes is restricted to the lumbar region 
where they actively suppress rib formation, there is strong HoxB9 expression within the 
Elaphe thorax. HoxC10 is also required for rib suppression (Wellik and Capecchi 2003) but 
is in the somitic mesoderm expressed more posteriorly namely at the lumbar/ sacral 
transition (Burke et al. 1995). It has been shown that the presence of HoxA10 is required in 
the presomitic mesoderm to prevent the formation of ribs (Carapuco et al. 2005) and that 
the expression disappears after somites have formed. In Elaphe we find that the expression 
is in the thoracic/cloacal transition, with certainly expression in the thoracic somitic 
mesoderm. If the gene behaves in the same way as in the mouse there probably would be 
earlier expression even more anterior in the thorax. This means that in case of HoxB9 and 
HoxC10 there is a clear discrepancy between the Hox genes expressed at a certain position 
and the type of vertebra formed. HoxC13 is expressed with a clear anterior boundary at the 
cloacal/caudal transition, consistent with its axial levels in the mouse. 
The expression of miR-196a and miR-10 is in line with what we described in chapter 1 (this 
thesis) miR-196a is expressed rather in a Hox-10 than in a Hox-9 like pattern and miR-10 is 
predominantly in the spinal cord. In Elaphe guttata we were not able to detect mesodermal 
expression or miR-10 above background levels.  and HoxB13 has been associated with 
growth and axial extension (Economides et al. 2003) as HoxB13 knockout  
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mice have 2 additional caudal vertebrae. Hox-13 paralogue group genes could thus possibly 
be involved in the termination of axial elongation.  
In Elaphe guttata we find that HoxB9has an anterior boundary located at least anterior of 
somite 49, well within the thoracic part of the body. HoxC10 is expressed with an anterior 
boundary between somite 220 and 230, at the end of the thorax. Interestingly its expression 
in the pronephric vesicles is much more anterior around somite level 136. HoxC11 
expression is detected very strongly in the developing kidney and in the tailbud but is not 
detected at all in the somitic mesoderm. HoxC13 is expressed with a sharp boundary around 
somite 240 at the level of the cloaca and shows a clear correlation with the transition into 
caudal vertebrae.  
With respect to the shifts in regional identity we can conclude that the variety in expression 
limits is more diverse than expected on basis of a simple deregionalization model as 
proposed by Cohn and Tickle. HoxA3 and HoxB4 have boundaries inside the cervical 
region as expected on basis of their expression in mouse and chicken. In the thorax the 
expression of HoxB7 and HoxB8 has an anterior boundary in somite 10/11 and 11/12 
corresponding to the 3rd and 4th thoracic vertebrae respectively. The expression of HoxC6 
and HoxC8 is much more posteriorly though, with expression boundaries at 1/5 of the 
thorax. Both the genes from the HoxB and HoxC cluster investigated show a clear spatial 
collinear pattern.  
The expression of the lumbar genes HoxB9 and HoxC10 is completely unexpected. 
Whereas in mouse the expression of Hox-9 genes is restricted to the lumbar region and they 
actively suppress rib formation, there is strong HoxB9 expression within the Elaphe thorax. 
HoxC10 is also required for rib suppression (Wellik and Capecchi 2003) but is in the 
somitic mesoderm expressed more posteriorly namely at the lumbar/sacral transition (Burke 
et al. 1995). It has been shown that the presence of HoxA10 is required in the presomitic 
mesoderm to prevent the formation of ribs (Carapuco et al. 2005) and that the expression 
disappears after somites have formed. In Elaphe we find that the expression is in the 
thoracic/cloacal transition with certainly expression in the thoracic somitic mesoderm. If 
the gene behaves in the same way as in the mouse there probably would be earlier 
expression even more anterior in the thorax.  
This means that in case of HoxB9 and HoxC10 there is a clear discrepancy between the Hox 
genes expressed at a certain position and the type of vertebra formed. HoxC13 is expressed  
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with a clear anterior boundary at the cloacal/caudal transition and consistent with both 
functional and expression data in mouse and chicken. 
 
Axial formula and Hox expression in Ichtyophis cf kohtaoensis  
We also looked at the expression of several Hox and microRNA genes in a caecilian 
Ichtyophis cf kohtaoensis. Caecilians (wormsalamanders) have independently acquired a 
similar elongated deregionalized bodyplan. The axial formula was determined on basis of 
an alcian blue/alizarin red stained embryo (fig.3). Ichtyophis cf kohtaoensis has 1 cervical, 
112 thoracic and 13 caudal vertebrae and, like the snake, has completely lost lumbar and 
sacral regions. In Ichtyophis we investigated the expression of HoxC5, HoxC8, HoxB8, 
miR-10 and miR-196 (fig 4). 
HoxC5, HoxC8 and HoxB8 are all expressed with a clear anterior boundary in the anterior 
end of the axis. HoxC5 is expressed up to the level of somite 6/7, HoxC8 is expressed till 
somite 24 and HoxB8 is expressed till somite 9/10. MiR-10 is as in Elaphe expressed in the 
neural tube. MiR-196a also shows the same expression in the posterior end of the axis in the 
thoracic/caudal transition. As in snakes there appears to be still a clear regionalization of 
Hox gene expression within the thorax of Ichtyophis. In contrast to what has been reported 
before for Pythons (Cohn and Tickle 1998) there still appears to be a clear regionalization 
at the level of Hox gene expression in the anterior trunk in both Elaphe and Ichtyophis. The 
expression patterns as reported by immunostaining for HoxC6 and HoxC8 are not 
reproducible by in situ hybridization in Elaphe embryos. It is of course possible that the 
expression patterns in Python are completely different, but looking at the pictures in the 
Python study we can tell that the antibodies for HoxC6 and HoxC8 give significant amounts 
of background and we therefore believe that the authors may have misinterpreted their data. 
Their model, in which the the anterior part of the axis is overpatterned by a forward shift in 
all Hox expression, seems not as straightforward as presented. We do however find that the 
expression of HoxB7 and HoxB8 comes very close to the beginning of the thoracic region 
and that both are still expressed with slight colinearity. It is well possible that HoxB6 is 











Figure 3) Axial formula in Ichtyophis cf kohtaoensis.  
Whole mount Alcian blue and alizarin red stained embryonal skeleton of Ichtyophis cf kohtaoensis.Arrows  
indicate the position of the first and last thoracic vertebra. Every 10th vertebra is marked with an asterisk. There are 
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Figure 4) Expression of axial markers in Ichtyophis cf kohtaoensis. 
In situ hybridization with hoxC5, hoxB8, hoxC8 and miR-10a and miR-196a on caecilian embryos. The Hox genes 
are shown as flatmounts. The somitic position was determined by immuno staining with MF-20 antibody shown in 
the green fluorescent images. 
 96 
                                                                   Shifts in axial patterning in snakes and caecilians _________________________________________________________________________ 
 
boundary of the thorax. We are currently testing. Further this means that in the process of 
the deregionalization of the anterior end of the axis not all Hox clusters have expanded 
anteriorly. Currently we are also investigating this hypothesis by looking at the expression 
of HoxA6 and HoxD8, the most anterior thoracic genes from the HoxA and HoxD clusters. 
The expression HoxB9 and HoxC10 genes that in mouse suppress rib formation and lead to 
lumbar vertebrae is in Elaphe guttata located within the thorax. Their expression therefore 
violates the traditional Hox code and suggests dissociation between the traditional Hox code 
and rib formation in snakes. The absence of a lumbar region is a quite common thing in 
squamates, so this dissociation may be a more common feature within this lineage. It has 
been suggested that ribbed vertebrae represent the tetrapod  ground state and that the 
lumbar region has been formed later by overpatterning by Hox gene expression. The data in 
Elaphe suggest that the lumbar region may have evolved not by changes in Hox expression 
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Joost M. Woltering 
 
Hox, microRNAs and evolution; overview and perspectives. 
 
The patterning of the anterior-posterior axis as done by the Hox genes forms one of the best 
characterized and most investigated regulatory systems within the field of developmental 
biology. Historically, it probably represents the first developmental problem to be seen with 
our modern understanding of gene biology; during the early 1980’s the Drosophila 
Antenapedia Hox complex was the first developmental genetic locus to be investigated with 
the, at that time, brand new toolbox of molecular biology. Despite their long history in 
biological research the Hox genes still receive the unrelenting attention from the scientific 
community. In Pubmed there are in total 4804 citations for ‘Hox*’ and the yearly number 
of papers published on the subject is still steadily on the increase (fig.1).   
Although all paradigms in the Hox field were set almost 2 decades ago, challenging 
discoveries are being made each year and novel developments from other fields are steadily 
incorporated in the framework of understanding on Hox functioning and dis-functioning. 
One of these breakthroughs from recent history is what is now sometimes referred to as the 
‘non-coding RNA revolution’. Although it was already known at the time that small non 
coding RNAs could silence genes (Lee et al. 1993), it was not until the discovery of the 
mechanism of RNA interference that it was appreciated how widespread this regulatory 
mechanism is. The term microRNA itself was only introduced in 2001 (Ruvkun 2001). The 
impact of the discoveries made in 2001 and 2002 was deemed so great that Science 
magazine awarded it the title of ‘Breakthrough of the year 2002’ (Couzin 2002). 
Subsequently it turned out that genomes contain hundreds of non coding RNA genes, many 
of which are microRNAs but novel classes have been discovered more recently (e.g. Girard 
et al. 2006). From whole library sequencing projects, aimed at identifying all the 
microRNAs present in the genome, it appeared that two microRNA families are present 
within the Hox clusters, namely miR-10 and miR-196 which were both identified in 2003.  
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Figure 1) Publication statistics for the Hox field 
A) Yearly (1990-2006) number of publications on Hox. B) Cumulative number of publications on Hox (1990-
2006). These numbers were obtained using the query ‘Hox*’ in Pubmed and thus also contain incidental citations 
containing Hox in a different context. 
 
As the Hox clusters form such structured and conserved loci where gene functioning is 
highly interwoven with the surrounding genomic context, there was an immediate interest 
in the possibility of Hox/AP patterning related functions for these microRNAs. In the year 
following, the relationship between miR-196 and HoxB8 (Yekta et al. 2004) was one of the 
first vertebrate microRNA/target relationships to be described. The work on miR-10 
described in the first part of this thesis was sparked and inspired by this unexpected 
presence of these novel components within the Hox clusters. At the time  
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this work was started (early 2004) the only microRNAs with anything known about their 
biological roles were lin-4 and let-7 in C. elegans. 
The complete lack of knowledge about animal microRNA functioning certainly gave the 
sense of excitement that comes with the entering of completely unexplored scientific 
territory. The project has always been approached with a classical reverse genetic research 
strategy, aimed at understanding the developmental role of the miR-10 microRNA. Also, 
my point of view has always been from the side of Hox and developmental biology and has 
followed the technical and biochemical advances in the microRNA field rather than having 
the ambition of developing these myself.  
In chapter 2 of this thesis I describe the genomic annotation and expression of the miR-10 
family in Zebrafish. The results of a search for all miR-10 family members and their 
annotation on the genome turned out to be highly surprising and solved the standing issue 
of the ‘lost’ Zebrafish HoxDb cluster of which only miR-10d  remains. As much as solving 
problems for the Hox annotations this discovery raises questions about the functioning of 
miR-10 and microRNAs in general. It has been a more often noted phenomenon that many 
microRNA families have been very conserved after genome duplications. This feeling is 
only confirmed by the status of miR-10d as a lone survivor of an estimated 100kb of HoxDb 
cluster that has vanished during evolution. Whether there indeed is a higher genomic 
survival rate of microRNAs compared to paralogues coding gene groups has to my 
knowledge never been investigated. This problem also is not as straightforward to answer 
as it seems; although micoRNA paralogues are readily identified by their great sequence 
homology, there is no good database containing information on paralogues coding genes. 
Nevertheless this remains an interesting question. If there is indeed a higher conservation 
ratio the reasons for this are not clear (although chapter 2 contains a few speculations on 
this issue).  
                                                                                             
Another interesting observation coming from the structure of the HoxDb cluster is that 
sequences in the Hox cluster do not only mutate but also disappear when they are not 
required anymore. Apparently there are forces in the genome leading to a very strong 
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Chapter 3 is dedicated to a functional analysis of miR-10 in Zebrafish development. Here I 
present a loss of function approach by morpholino knockdown and a gain of function by 
miR-10 siRNA injection to study the effects on Zebrafish development. The main insight 
coming from this work is that miR-10 represses HoxB1a and HoxB3a. These target genes 
are located 3’ from the position of the Hox-4 associated miR-10 and are in the embryo 
expressed more anteriorly. Knockdown of miR-10 leads to an upregulation of the target 
genes showing that this interaction occurs in the embryo and overexpression of miR-10 
leads to specific phenotypic defects associated with the loss of function of the target genes. 
The phenotypes of the morphant and overexpression embryos are remarkably normal. For 
microRNA morphant embryos it has now been established in screens that this is more often 
the case (Kloosterman 2007). Apparently the functions of many microRNA families are so 
subtle that phenotypic effects are absent or missed upon superficial inspection.  For the 
embryos in which miR-10 is overexpressed the lack of phenotypic defects (besides the nice 
VIIth nerve and GCM-2 expression defects) is much more puzzling though. As noted in 
chapter 3 miR-10 is having a total of 1969 predicted targets representing about 10% of the 
genome and many more than the 738 predicted targets of the average microRNA. This fact 
seems incompatible with the very specific phenotypic effects observed. The best conclusion 
to draw from these results probably is that there is still plenty of work to do in the lab in 
order to understand the rules of microRNA/target recognition and behind the computer for 
the bio-informaticians developing the target prediction software. 
In contrast to previous studies on the Hox related microRNAs we do find a clear loss of 
function phenoptype in the morphant embryos. The migration of the Xth cranial nerve is 
disrupted and there are obvious problems with the migratory pathways of the motorneurons. 
Unfortunately, we have not been able to link these phenotypes to a derepression of the 
identified Hox target genes. The phenotype is consistent with a loss of miR-10 since only 
motorneurons that are located within the expression domain of miR-10 are affected and 
motorneurons located more rostrally appear normal. More research will be necessary to  
understand the precise mechanism by which miR-10 coordinates the normal process of 
neuronal migration but one of the potential target genes that could be looked at is BDNF 
(brain derived neurotrophic factor).  
‘Genomes regulate gene expression by switching on or off the transcription of genes’ this 
was and still is the standing paradigm both before and after the non coding RNA revolution.  
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However, the discovery of a large number of microRNA interactions has taught us that this 
is only part of the picture. Besides only regulating gene presence at the transcriptional level 
there appears a need for organisms to do this as well with a second layer of control at the  
posttranscriptional level. As it appears now, this second layer of control is (at least in 
vertebrates) subordinate to and less important than the primary level of transcriptional 
control. Conceptually it is an interesting issue why there is a need for this secondary level at 
all; what is wrong with the transcriptional machinery that makes it need a helping hand 
from microRNAs? 
In chapter 4 I briefly touch upon this problem after the discovery of the autoregulatory 
properties of the miR-10c/HoxB3a target combination. I suggest that, at least in the Hox 
clusters, there is a conflict between the need of genomic clustering and clearly specified 
gene expression domains. On the question ‘which gene will be influenced by an enhancer?’ 
most biologists would probably just reply ‘the one located behind it’ and this answer 
probably is the correct one. As we can already understand intuitively, proximity is a strong 
determinant in the specificity of gene transcription; an enhancer/promoter box is more 
likely to drive the transcription of an adjacent gene than that of one that is 2 mega-bases 
away. But how is specificity determined when there is a dense concentration of genes due 
to a selection on clustering? How easy is it to evolve enhancers that ‘know’ to promote the 
transcription of one gene but leave others unaffected? To my knowledge this is a very 
poorly explored field but my guess is that this indeed will be very difficult. The fact that 
within the Hox clusters transcription units do not correspond to traditional genes is now 
very well established (e.g. Mainguy et al. 2007). The function for this ‘messy’ pattern of 
transcription is still unknown though. My explanation is that many of these ‘strange 
transcripts’ represent noise that is inherent to the regulatory mechanisms acting on the 
clusters. In many cases this noise will have no harmful effects on the biology of the animal. 
In some instances however, this may result in ‘ectopic’ expression that does interfere with 
life or development. In these cases a secondary system of microRNA regulation may have 
evolved to interfere. In chapter 4 this theory is worked out in more detail, also showing the 
existence of similar relations for miR-196 and target genes.  
Chapter 5 describes the axial patterning and expression of Hox genes in two organisms 
with an elongated bodyform. This project was initiated as a spin off from the miR-10  
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project. Initially it was aimed at developing the locked nucleic acid hybridization (LNA) 
technique for use in evo-devo studies by using microRNAs and LNA probes as pan 
vertebrate marker probes by designing them at ultra conserved regions (UCRs) in mRNAs. 
Since microRNAs and URCs do not differ in sequence among most vertebrate species, they 
preclude the time consuming process of picking up probes for each individual species 
investigated.  
The mechanisms behind the evolvement of a serpentine bodyform have since long been 
subject to intense scientific debate, fueled however for about 95% by theories and very little 
by experimental facts. The classic paper on this subject is the influential 1999 Cohn and 
Tickle article published in Nature (110 citations according to Google scholar) in which they 
investigate the expression of 3 Hox genes using immunostaining in Python embryos. (On a 
personal note I would like to remark here that it was this particular paper that formed the 
trigger to switch my courses in university from ecology to molecular/developmental 
biology). The extended bodyform of snakes is characterized by a deregionalization of the 
axial skeleton and loss of the typical division in cervical, thoracic, lumbar and caudal 
regions of which only a thorax and caudal region are prominently present. The authors 
claim that the expression of the investigated Hox genes is spread all over the axis (and 
follows the deregionalization of the body) and that the neck region has been overpatterned 
by an anterior shift of HoxC8 and HoxC6 which could possibly also account for the loss of 
limbs. The actual figures in the article, showing the stained snake embryos, are very 
difficult to interpret due to a very strong background. The fact that they used only 3 out of 
the expected 39 Hox genes and that they paid no attention to the changes in the posterior 
end of the axis made this theory interesting for further investigation, using more Hox genes 
and producing higher quality data with in situ hybridization. I also aimed at studying the 
evolutionary event of body elongation/deregionalization in two different species that 
independently acquired this bodyform, namely a snake and a caecilian species (see chapter 
5 for details) to establish whether convergent evolution in bodyform is caused/ 
accompanied by convergent or divergent shifts in gene expression. 
The idea of using LNA probes against normal messengerRNAs unfortunately failed to 
work. As it is generally recognized now, LNA works very well for microRNA detection but 
is for unknown reasons virtually useless in the detection of mRNAs. The detection of miR-
196 and miR-10 microRNAs worked very well though in both snake and caecilian embryos.  
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The results were interesting for miR-196, which expression pointed towards a convergent 
shift. Since the LNA probes failed to work I decided to clone a HoxC8 probe in both to 
complement the data. The in situ hybridization results obtained with this probe were  
however completely surprising; instead of being expressed till the rostral end of the  
trunk as described, HoxC8 has an anterior boundary of expression located well within the 
thoracic part of the mesoderm. 
This lead me to clone a complete panel of Hox genes as described in chapter 5.  
The conclusion I can draw so far that the idea of complete deregionalization of the thorax 
on the level of Hox gene expression is incorrect; thoracic Hox genes are still expressed in a 
spatial collinear fashion in the somitic mesoderm. The HoxC6 and HoxC8 genes 
investigated by Cohn and Tickle have rostral boundaries within the thorax and can therefore 
not be responsible for the posteriorization of the snake neck. The HoxB7 and HoxB8 genes 
are expressed much more anteriorly though and the anterior boundary of HoxB7 is situated 
two somites posterior from the 1st thoracic vertebra. As Hox-6 genes are currently believed 
to be the important genes in rib induction I expect that HoxB6 is the gene expressed at the 
cervical/thoracic boundary; the testing of which is currently in progress. In caecilians, using 
fewer genes I observe about the same pattern with still a high degree of regionalization in 
the expression of thoracic genes and also more anterior expression of HoxB than HoxC 
gene.  
Something conceptually novel from these experiments is that in the changes leading to a 
macro-evolutionary modification not all Hox clusters behave the same. Hox paralogue 
group genes are largely redundant in function and show much the same expression patterns. 
In snakes my results show that the loss of cervical region is due to overpatterning by the 
HoxB but not HoxC cluster. Currently I am also investigating the expression of HoxA6 and 
HoxD8 to see how the expression of the HoxA and HoxD cluster has changed. The specific 
deregionalization of a single and not all Hox clusters may have two explanations. First the 
change in expression is likely caused by mutation of a regulatory element; simultaneous 
mutations in all 4 cluster leading to a similar change in expression would be a highly 
unlikely event. Secondly it could be that changing the expression zones in the somites also 
affects the expression in other tissues. Besides patterning the axial skeleton, Hox genes are 
also involved in the patterning of the gut, genitals and blood. Expression should probably 
not be ‘deregionalized’ in these tissues and this could be lethal. In the case of this last  
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explanation, the deregionalization of one and not another cluster would be a classic 
example of a developmental constraint at work. At the posterior end of the axis the results 
are as surprising. The Hox code has been well established in mouse and it is known that 
both Hox-9 and Hox-10 have rib suppressing activity and are responsible for the induction 
of the lumbar part of the skeleton, a region that is absent from snakes. 
In my experiments I do find though that both HoxB9 and HoxC10 are expressed within the 
thoracic part of the somitic mesoderm. These results indicate dissociation between the 
classical Hox code and rib formation in snakes. It is interesting to note that the absence of a 
lumbar region is quite common within squamates and that this dissociation therefore may 
be a common theme within evolution, something certainly worth investigating in species 
showing this type of morphology. This would also mean that alterations in body pattern are 
not necessarily a reflection of changes in the expression pattern of Hox genes but can also 
be caused by changes in the interpretation of Hox signals by downstream developmental 
mechanisms.  The expression of HoxC13 is exactly as expected from the mouse; it is 
expressed in the caudal region of the axis and thereby seems to behave according to the 
classical Hox code.  
 
The uniting theme within this thesis are the Hox genes and work is presented which extends 
over a great width of the field from genomics, functional developmental biology to basic 
evo-devo.  
Resuming, the most important contributions to the scientific knowledge described in this 
thesis are: 
- the identification of the Zebrafish HoxDb cluster 
- identification of miR-10 as a intrinsic part of the Hox regulatory machinery 
- the creation of an insightful model into the rational for posttranscriptional interactions 
within the Hox clusters 
- better understanding of the deregionalization model that is at the basis of the development 
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De lichaamsbouw van hogere organismen is niet symmetrisch en in de anatomie worden 
drie belangrijke lichaamsassen onderscheiden. Dit zijn de kop-staart-as (anterio-posterior), 
de rug-buik-as (dorso-ventraal) en de links-rechts-as. Hoewel het voorgaande 
vanzelfsprekend lijkt, ontwikkelen we ons als embryo toch vanuit een enkele bevruchte 
eicel met een vrijwel radiale symmetrie. De ontwikkeling van de lichaamsassen vanuit  
deze toestand begint al heel vroeg gedurende de embryogenese. Op het moment dat er door 
celdeling enkele duizenden cellen zijn ontstaan, vinden er differentiatieprocessen plaats die 
leiden tot verschillen tussen cellen. Dit omvat ongeveer het volgende: iedere cel bezit alle 
genen van het genoom, alleen is niet elk gen functioneel in iedere cel. De functionaliteit van 
een gen wordt bepaald door een gen ‘aan of uit te zetten’. Wanneer een gen ‘aan staat’ 
worden er kopieën van het DNA gemaakt die worden omgezet in eiwit dat de uiteindelijke 
funktionele output van het gen vormt. Als een gen ‘uit staat’ is het wel aanwezig in DNA- 
vorm maar wordt het eiwit niet aangemaakt en kan het gen dus ook zijn werk niet doen. Dit 
proces van aan en uit zettten van genen leidt tot het ontstaan van verschillende soorten 
cellen. Hierdoor is het mogelijk dat orgaansystemen als hersenen, spieren, lever etc. alle 
hun eigen gespecialiseerde celltypen hebben. Door het specifiek aan- en uitschakelen van 
ontwikkelingsgenen in verschillende celgroepen treden er in het vroege embryo lokaal 
processen van differentiatie op die onder andere leiden tot de vorming van de anterio-
posteriore en dorso-ventrale as.  
De anatomie van de anterio-posteriore as is opgedeeld in verschillende gebieden. Van kop 
naar staart in anterio-posteriore volgorde zijn dit: kop, nek (cervical), borst (thorax), 
lumbar, sacraal (bij het bekken) en staart (caudaal). Alle delen posterior van de kop (dus 
romp en staart) zijn in feite opgebouwd uit repeterende eenheden. Het skelet, bijvoorbeeld, 
bestaat langs de hele as uit wervels die embryonaal een zelfde oorsprong hebben. Alle 
wervels ontstaan uit hetzelfde soort mesodermale blokken, somieten genaamd, die worden 
gevormd door het rytmisch aan en uit zetten van de genen van de ‘somitogenesis clock’. 
Ondanks een zelfde oorsprong verschillen wervels van elkaar, afhankelijk van hun positie 
langs de  
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lichaamsas. Wervels in de nek hebben bijvoorbeeld geen ribben, in de borst  hebben ze die 
wel en ter hoogte van het bekken fuseren ze tot het sacrum. Ook de armen en benen 
bevinden zich op vaste posities langs de anterio-posteriore as. Deze indeling van de 
lichaamsbouw wordt wel omschreven als ‘regionalisatie’ en is behalve in het skelet ook 
aanwezig in het centrale zenuwstelsel en het spijsverteringskanaal. 
Het belang van deze regionalisatie voor een organisme is duidelijk: verschillende 
lichaamsdelen vervullen verschillende functies en hebben zich daar ook aan aangepast 
gedurende de evolutie. De embryonale basis voor deze regionalisatie is ook hier terug te 
voeren  naar processen van celdifferentiatie. De voormaanste groep genen die er bij 
betrokken is, is de familie van Hox-genen die in zoogdieren uit 39 gerelateerde genen 
bestaat. Cellen schakelen verschillende leden van deze familie specifiek aan of uit, 
afhankelijk van hun positie langs de anterio-posteriore as. 
De effecten van misregulatie van Hox-genen werden al meer dan 100 jaar geleden 
waargenomen in fruitvliegen waarin lichaamsdelen zich op de verkeerde plek 
ontwikkelden. Zo werden er vliegen gevonden met vier in plaats van twee vleugels of  met 
poten die zich op de kop ontwikkelden. In de jaren tachtig van de vorige eeuw, met de 
opkomst van de moleculaire genetica, konden de genen die verantwoordelijk zijn voor deze 
mutaties worden geïdentificeerd.  
 
Hox-genen en het genoom 
Hox-genen vormen de rode draad die door dit proefschrift loopt. Door hun verschillende 
patroon van ‘aan en uit staan’ zorgen de Hox-genen er voor dat alle structuren langs de 
antrio-posteriore as zich in de juiste volgorde vormen. Sommige genen staan aan dichtbij de 
kop en andere genen staan aan in de staart etc. Het gebied waar een gen aan staat wordt 
door genetici ‘expressiepatroon’ genoemd.  
De aan elkaar gerelateerde Hox-genen liggen geclusterd op het chromosoom. Dit houdt in 
dat ze op het DNA dicht bij elkaar liggen. DNA is opgebouwd uit moleculaire bouwstenen 
die meestal worden aangeduid met de naam voor een van hun chemische eigenschappen, 
namelijk basen. Deze moleculen rijgen zich aaneen als kralen aan een ketting tot 
chromosomen die bestaan uit vele miljoenen basen. Afstanden worden in DNA- 
terminologie meestal uitgedrukt in kilo-bases (kb’s oftwel duizend basen). Genen worden  
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gevormd door een rij basen van meestal enkele kb’s lang, waarin de volgorde de informatie 
bevat om een functioneel eiwit te laten maken. Een gen zou je kunnen zie als een rij basen 
met een specifieke betekeni, temidden van een zee van basen zonder betekenis. Of anders 
gezegd: een bestaand woord dat opduikt in een regel van willekeurige letters. 
Er zijn 13 verschillende typen Hox-genen, die ongeveer 1000 basen groot zijn en deze 
liggen in een cluster met een totale afstand van ongeveer 100 kb’s. Dit is een gen-dichtheid 
van een gen per 10kb, die vele malen groter is dan gemiddeld in het genoom. In de 
voorlopers van de gewervelden dieren was er één enkel Hox-cluster. Tijdens de evolutie 
zijn er echter processen opgetreden waarin alle chromosomen in één keer werden 
gedupliceerd. Dit betekent dat al het genetisch materiaal van een organisme in één generatie 
werd verdubbeld en dat na een dergelijk vermenigvuldiginsproces alle genen in tweevoud 
aanwezig waren. (Dit heeft bijvoorbeeld kunnen gebeurden doordat de bevruchte eicel wel 
al het DNA dupliceerde maar niet de eerste deling onderging.)  
In de afstammingslijn die naar de zoogdieren leidt, hebben 2 van dergelijke duplicaties 
plaatsgevonden en in deze dieren zouden alle genen in principe dus 4 maal (1x2x2) 
aanwezig moeten zijn. Omdat niet alle genen in viervoud nodig zijn, is dit echter niet het 
geval. Wanneer genen niet nodig zijn ontbreekt de evolutionaire selectie op hun  
voortbestaan en hebben ze de  neiging om te muteren en te verdwijnen. Hierdoor zijn de 
meeste genen gewoon in enkelvoud aanwezig. Een ander proces dat kan optreden is dat 
genen welliswaar muteren, maar dat dit niet tot inactivatie van het gen leidt maar resulteert 
in een andere werking. Als deze werking gunstig is voor het organisme dan blijft zo’n gen 
behouden, maar nu met een andere functie. Een gen in tweevoud is dan eigenlijk veranderd 
in twee genen in enkelvoud. In vissen is de situatie gecompliceerder doordat er nog een 
extra genoomduplicatie heeft plaatsgevondenen. Elk gen zou dus 8 maal (1x2x2x2) 
aanwezig moeten zijn maar ook hier zijn veel gedupliceerde genen verdwenen. 
De Hox-genen nemen een uitzonderingspositie in waar het hun gedrag na genoom- 
duplicaties betreft. Hox-genen zijn over het algemeen beter bewaard gebleven dan andere 
genen. In zoogdieren zijn er 4 clusters aanwezig (2x2) en in vissen 7 (waar je er dus 8 zou 
verwachten). Het is dus duidelijk dat er in vissen een cluster verdwenen moet zijn, maar 
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Hox-genen en microRNAs 
Hox-genen zijn genen van het normale type, wat inhoudt dat het ‘coderende genen’ zijn.  
Een gen bestaat uit DNA en waneer een gen aan staat, worden er van het DNA vele RNA- 
kopieën gemaakt. Dit RNA kan gelezen worden door een micromachinerie in de cel die 
eiwitten maakt. De basenvolgorde van het RNA bevat een code die bepaalt hoe het eiwit 
dat gemaakt wordt er precies uit ziet. Dit eiwit is vervolgens de functionele output van het 
gen en kan bijvoorbeeld een enzym of een neurologische receptor zijn. 
Hox-genen coderen voor zogenaamde transcriptie-factoren, eiwitten die andere genen aan 
en uit zetten. De Hox-genen worden al tientallen jaren bestudeerd door vele 
wetenschappers. Zo heeft  bijvoorbeeld een van de Nobelprijswinnaars van dit jaar (Mario 
Capecchi) een groot deel van zijn carrière gewijd aan het ontrafelen van de werking van 
Hox-genen in muizen. Behalve genen van dit ‘normale type’, die al jaren bekend zijn, 
liggen er ook genen van een ander type in de Hox-clusters, zo is de afgelopen jaren 
gebleken. Dit zijn zogenaamde microRNA genen. Deze genen liggen ook op het DNA en er 
worden ook RNA-kopieën van gemaakt wanneer zij aan staan. Deze RNAs bevatten echter 
geen code die leidt tot het maken van een eiwit maar bevatten een structuur die er voor 
zorgt dat er heel specifiek een klein gedeelte uit wordt geknipt. Dit uitgeknipte gedeelte 
vormt vervolgens de functionele output van het gen. Het bestaat uit een ongeveer 22 basen 
klein RNA en wordt een  microRNA genoemd. Deze microRNAs kunnen aan de RNAs van 
andere genen binden als die de juiste basenvolgorde (sequentie) hebben. Wanneer een 
microRNA een ander RNA bindt zal dat vervolgens niet meer worden vertaald in een eiwit. 
MicroRNAs zijn dus gen-regulatoren die genen uit kunnen zetten. Zij doen dit niet door het 
proces van RNA-productie te beïnvloeden maar werken een stap later door de vertaling van 
het RNA in eiwit te blokkeren. 
De functie van deze microRNAs was tot nu toe onbekend maar aangezien zij binnen de 
Hox-clusters liggen en deze positie hetzelfde is in alle organismen waarin dit is onderzocht, 
lijkt het waarschijnlijk dat ze een rol spelen bij de patroonvorming van de anterio-posteriore 
as.  
Het eerste gedeelte van dit proefschrift (de hoofdstukken 1- 4) bestaat uit een analyse van 
de functie van de microRNA genen in de Hox-clusters. Hoofdstukken 2, 3 en 4 gaan  
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specifiek over de rol van miR-10 (microRNA 10) gedurende  de ontwikkeling van Zebravis- 
embryo’s. 
 
Hoofdstuk 2   Hierin behandel ik de genomische positie van de miR-10 kopieën die in het 
genoom van de Zebravis aanwezig zijn. Het interessantste is de ontdekking van een miR-10 
gen dat buiten een bekend Zebravis Hox-cluster gelegen is. De genomische omgeving van 
dit miR-10 gen lijkt op het eerste gezicht ook niet Hox-gen-gerelateerd. Verdere 
vergelijking van de nabij gelegen genen leert echter dat het microRNA-gen door dezelfde 
genen omringd wordt als een van de andere Zebravis Hox-clusters. Tijdens de laatste 
genoomduplicatie in Zebravis is er blijkbaar het volgende gebeurd: alle 4 op dat moment 
aanwezige Hox-clusters zijn gedupliceerd maar vervolgens zijn alle Hox-genen uit een van 
deze clusters verdwenen en is alleen het miR-10 microRNA overgebleven. 
Hoofdstuk 3   Dit beschrijft een functionele analyse van de miR-10 microRNA-familie 
gedurende de Zebravis-ontwikkeling. Ik laat zien dat deze genen aanstaan in het ruggemerg 
en in het posteriore gedeelte van de achterhersenen.Vervolgens identificeer ik de HoxB3a 
en HoxB1a  genen als target-genen voor het microRNA. Dit zijn dus genen die informatie 
bevatten om een eiwit te laten maken en die herkend kunnen worden door het miR-10 
microRNA. Wanneer dit gebeurt, wordt er, hoewel ze in feite wel ‘aan staan’, toch geen 
eiwit geproduceerd. De gevonden target-genen blijken net als het microRNA ook binnen de 
Hox-clusters te liggen. Deze twee target-genen komen het sterkst tot expressie in anteriore 
gedeelten van de achterhersenen. De achterhersenen zijn in het embryo opgebouwd uit 8 
segmenten die zich alle anders zullen ontwikkelen. Ook  hier zijn het de Hox-genen die een 
belangrijke rol bij de regionalisatie spelen. De twee gevonden target-genen hebben een erg 
sterk expressiepatroon (ze staan heel sterk aan) in hun eigen segment in de achterhersenen 
maar komen ook (minder sterk) tot expressie meer posterior in het ruggenmerg. Normaal 
gesproken staat miR-10 niet aan in de gedeelten van de achterhersenen waar HoxB1a en 
HoxB3a sterk aan staan, maar wel in het meest posteriore gedeelte van de achterhersenen en 
het ruggemerg, waar heel lage hoeveelheden HoxB1a en HoxB3a aanwezig zijn.  
Om de functie van miR-10 te testen heb ik er experimenteel (door middel van micro-
injectie) voor gezorgd dat het microRNA gen wel aanwezig was anterior van zijn normale 
expressiepatroon . Het effect van een dergelijk experiment is een afname van de 
genprodukten van HoxB1a en HoxB3a. Van HoxB1a was bekend dat het bepaalde neuronen  
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die de kaken en het gezicht innerveren induceert. Ook deze neuronen ontwikkelen zich op 
de verkeerde plek wanneer ik miR-10 in hun segment aanzet. Ik heb ook experimenten 
gedaan om miR-10 in het expressiegebied waar het normaal gesproken aan staat te 
inhiberen. Dit is  
gedaan door de injectie van ‘antisense morpholinos’. Dit zijn korte stukjes op DNA 
lijkende basenrijen die specifiek kunnen binden aan bepaalde RNA- of DNA-sequenties. 
Door de binding verloopt het proces van uitknippen van de microRNA niet meer correct en 
is het uiteindelijke genprodukt van miR-10 niet meer aanwezig. In met morpholino 
geïnjecteerde embryo’s is er een toename van de hoeveelheid gen-produkt van de HoxB1a 
en HoxB3a genen in het gebied waar ze normaal gesproken samen aan staan. Dit wijst er 
dus duidelijk op dat de interactie tussen miR-10 en HoxB1a en HoxB3a ook van nature in 
het embryo plaats heeft. Wat betekent deze interactie nu precies voor de overleving van het 
embryo? 
Ik heb in de met morpholino geïnjecteerde embryo’s veel aspecten van de morfologie 
onderzocht om te ontdekken wat zich anders ontwikkelt in de afwezigheid van miR-10. De 
meeste onderzochte aspecten ontwikkelen zich precies zoals in normale embryo’s waarin 
miR-10 aanwezig is. Op één plek doen zich echter grote verschillen voor. Motorneuronen 
waarvan de cel-lichamen zich in het ruggemerg bevinden sturen spieren aan in de rest van 
het lichaam. Dit doen zij door middel van uitlopers die van de zenuwcel naar de spier lopen 
en die axonen genoemd worden. In Zebravis-embryo’s waarin miR-10 is uitgeschakeld 
blijkt de migratie van deze axonen ernstig verstoord. Eén van de functies van miR-10 is dus 
om te zorgen dat de axonen van motorneuronen correct migreren. 
Hoofdstuk 4   Het is erg opvallend dat de target-genen van het miR-10 microRNA zo dicht 
bij het microRNA zelf liggen op het chromosoom. De afstand tussen het microRNA en 
HoxB1a en HoxB3a is minder dan 20 000 basen. Het vissen genoom bevat ongeveer 20 000 
genen en meer dan 1,5 miljard basen. Op de de schaal van het hele genoom is de afstand 
tussen het miR-10 microRNA en de target-genen dus uitzonderlijk klein. Tijdens dit 
onderzoek zijn er door anderen ook analyses gepubliceerd van de miR-196 microRNA-
familie die eveneens binnen de Hox-clusters ligt. Ook dit microRNA blijkt andere genen in 
de Hox-clusters te reguleren. Het regulatiemechanisme van de Hox-gerelateerde 
microRNAs lijkt dus in feite een regulatie-mechanisme ‘binnen’ de Hox-clusters te zijn. In  
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dit hoofdstuk onderzoek ik dit onderwerp verder en ontwikkel ik de hypothese dat de 
oorzaak hiervan kan liggen in de geclusterde strucutuur van de Hox-genen. Hox-genen zijn 
erg geclusterd en men denkt dat dit komt doordat er ‘enhancers’ buiten de clusters liggen 
die het aanzetten van meerdere Hox-genen beïnvloeden. Enhancers zijn basensequenties die 
geen gen vormen maar het aan- of uit-  
staan van genen reguleren. Zij zorgen er voor dat genen op het goede moment worden aan- 
en uitgezet. Wanneer veel van deze sequenties dicht opeen liggen, zoals dat binnen de Hox-
clusters het geval is, is het goed mogenlijk dat de met elkaar interfereren en dat ze op 
bepaalde punten ook dichtbij gelegen genen aanzetten die eigenlijk uit zouden moeten 
staan. Op dit punt kunnen microRNAs ingrijpen door een gen waarvan wel RNA-kopieën 
worden gemaakt op een later moment te remmen, door te voorkomen dat er van dit RNA 
ook eiwit wordt gemaakt. 
Hoofdstuk 5   Zoals eerder vermeld, zijn Hox-genen betrokken bij de regionalisatie van het 
skelet. Wanneer we aan een skelet denken stellen we ons meestal een mensen- of 
muizenskelet voor. Deze skeletten hebben de typische indeling in nek (cervical), borst 
(thorax), lumbar (zonder ribben), sacraal en staart (caudal), die uiteraard bij de mens 
ontbreekt. Op deze indeling zijn echter veel evolutionaire varianten mogelijk. Een van de 
meest spectaculaire is het skelet zoals dat zich in slangen heeft ontwikkeld. Hier is de nek 
vrijwel verdwenen en bestaat het lichaam uit een lange opgerekte thorax. De regionalisatie 
die we in ‘normale’ skeletten wordt gevonden, is bij slangen eigenlijk grotendeels 
verdwenen. Deze lichaamsbouw heeft zich niet alleen in slangen ontwikkeld maar ook in 
vier andere groepen reptielen (bijv. hazelworm) en twee groepen amphibieën (bijv. 
wormsalamander). Omdat Hox-genen betrokken zijn bij de indeleling van het skelet lijkt 
het heel waarschijnlijk dat zij ook een drijvende evolutionaire factor zijn bij de verandering 
hiervan. In hoofdstuk 5 onderzoek ik in embryo’s van slangen hoe het patroon van Hox-
expressie is veranderd. Voor sommige Hox-genen onderzoek ik ook embryo’s van een 
wormsalamander. Uit dit onderzoek blijkt dat het lichaam van de slang en de 
wormsalamander op het niveau van Hox-expressie veel meer regionalizatie heeft dan werd 
verwacht. Ook lijkt het erop dat slangen een andere code voor de interpretatie van Hox-
genen gebruiken: genen die in muizen de formatie van ribben blokkeren staan in slangen 
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